O.JKr  l<f  / 


REPORT  DOCUMENTATION  PAGE 


Form  Approved 
OMB  No.  0704-0188 


Public  reporting  burden  for  this  collection  of  information  is  estimated  to  average  1  hour  per  response,  including  the  time  for  reviewing  instructions,  searching  existing  data  sources,  gathering  and  maintaining  the 
data  needed,  and  completing  and  reviewing  this  collection  of  information.  Send  comments  regarding  this  burden  estimate  or  any  other  aspect  of  this  collection  of  information,  including  suggestions  for  reducing 
this  buntehto  Department  of  Defense,  Washington  Headquarters  Services,  Directorate  for  Information  Operations  and  Reports  (0704-0188),  1215  Jefferson  Davis  Highway,  Suite  1204,  Arlington,  VA  22202- 
4302.  Respondents  should  be  aware  that  notwithstanding  any  other  provision  of  law,  no  person  shall  be  subject  to  any  penalty  for  failing  to  comply  with  a  collection  of  information  if  it  does  not  display  a  currently 
valid  OMB  control  number  PlEASE  DO  NOT  RETURN  YOUR  FORM  TO  THE  ABOVE  ADDRESS. _ _ 

1.  REPORT  DATE  (DD-MM-YYYY)  2.  REPORT  TYPE  3.  DATES  COVERED  (From  -  To) 

07/04/07 _  Final  Performance _ 25/06/03  -  31/07/06 _ 

4.  TITLE  AND  SUBTITLE  5a.  CONTRACT  NUMBER 


Advanced  Materials  Deposition  for  Semiconductor  Nanostructures  Using 
Supercritical  Fluids 


5b.  GRANT  NUMBER 
F49620-03-1-0361 

5c.  PROGRAM  ELEMENT  NUMBER 


6.  AUTHOR(S) 

Chien  M.  Wai 


5d.  PROJECT  NUMBER 


5e.  TASK  NUMBER 


6f.  WORK  UNIT  NUMBER 


7.  PERFORMING  ORGANIZATION  NAME(S)  AND  ADDRESS(ES) 


8.  PERFORMING  ORGANIZATION  REPORT 
NUMBER 


University  of  Idaho 
Moscow,  Idaho  83844-3020 


9.  SPONSORING  /  MONITORING  AGENCY  NAME(S)  AND  ADDRESS(ES) 
AFOSR 

875  N  Randolph  Street 
Suite  325,  Room  3112 

Arlington  VA  22203-1768,  .  q  / 

pr.  bo  mld 

n.  DISTRIBUTION  /  AVAIL^BILnY-  S^Tf^EN^  STATEMENT  J 

TT  .  ,  Approved  for  Public  Release 

Unlimited  I  Inlimitprl 


Distribution  Unlimited 


10.  SPONSOR/MONITOR’S  ACRONYM(S) 
ONR 


11.  SPONSOR/MONITOR’S  REPORT 
NUMBER(S) 


AFRL-SR- AR-TR-07-0 1 3 1 


13.  SUPPLEMENTARY  NOTES 


14.  abstract  Supercritical  fluid  carbon  dioxide  provides  an  attractive  medium  for  depositing  materials  in  small  structures 
with  high  aspect  ratios  and  poorly  wettable  substrates  due  to  the  fact  that  it  is  able  to  dissolve  solutes  like  a  liquid  and  transport 
dissolved  materials  like  a  gas.  Metal  and  metal  sulfide  nanoparticles  of  controllable  size  can  be  synthesized  in  supercritical 
fluid  carbon  dioxide  using  water-in-C02  microemulsion  as  template.  Continuous  tuning  the  size  of  metallic  nanoparticles  and 
metal  sulfide  nanoparticles  with  diameters  from  less  than  2  nm  to  over  10  nm  can  be  achieved  by  varying  the  density  of  the 
fluid  phase  in  the  synthetic  process.  The  synthesized  nanoparticles  are  stabilized  in  the  fluid  phase  using  an  alkylthiol 
compound.  Deposition  of  the  stabilized  metal  nanoparticles  in  the  fluid  phase  forming  self-assembled  arrays  has  been 
demonstrated.  Supercritical  fluid  deposition  of  metals  on  surfaces  of  carbon  nanotubes  has  also  been  studied.  Metal 
nanoparticles  of  narrow  size  distributions  can  be  uniformly  attached  to  carbon  nanotube  surfaces  using  this  method.  The 
carbon  nanotube-supported  platinum  group  metal  nanoparticles  show  remarkably  high  activities  for  catalyzing  chemical  and 
electrochemical  reactions.  Examples  of  utilizing  the  carbon  nanotube-nanoparticle  composite  materials  as  catalysts  for 
chemical  reactions,  fuel  cells  and  sensor  applications  are  given. 

15.  SUBJECT  TERMS 

Supercritical  Fluid,  Nanoparticles,  Semiconductor,  Nanostructure,  Carbon  Nanotube 


16.  SECURITY  CLASSIFICATION  OF: 

17.  LIMITATION 

OF  ABSTRACT 

18.  NUMBER 
OF  PAGES 

19a.  NAME  OF  RESPONSIBLE  PERSON 

Chien  M.  Wai 

a.  REPORT 

U 

b.  ABSTRACT 

U 

c.  THIS  PAGE 

U 

SAR 

25  pages  + 
appendix 

19b.  TELEPHONE  NUMBER  (Include  area 
code) 

208-885-6787 

Best  Available  Copy 


Standard  Form  298  (Rev.  8-98) 

Prescribed  by  ANSI  Std.  239.18 


1 


REPORT  DOCUMENTATION  PAGE 


Title:  Advanced  Materials  Deposition  for  Semiconductor  Nanostructures  Using 
Supercritical  Fluids  (F49620-03-1-0361) 


Forward 


OiS  i  RiSU  I 


\OU  STATEMENT  A 


Approved  for  Public  Reiea.se 
Distribution  Unlimited 


Supercritical  fluid  carbon  dioxide  (SF-CO2)  with  its  moderate  critical  constants  (Tc  =31 
°C  and  Pc  =  73  atm),  nonflammable  nature  and  low  cost  provides  an  attractive  alternative  for 
replacing  organic  solvents  traditionally  used  in  chemical  manufacturing  processes.  Above  the 
critical  point,  SF-CO2  exhibits  a  novel  hybrid  of  gas-like  and  liquid-like  properties.  It  can 
dissolve  solutes  like  a  liquid  and  yet  possesses  low  viscosity,  high  diffusivity  and  zero  surface 
tension  like  a  gas.  In  addition,  the  solvation  strength  of  SF-CO2  can  be  tuned  by  changing  the 
density  (i.e.  pressure  and  temperature)  of  the  fluid  phase,  thus  selective  dissolution  or  deposition 
of  compounds  may  be  achieved  in  supercritical  fluid-based  processes.  These  unique  properties 
make  SF-C02  an  attractive  medium  for  depositing  materials  in  small  structures  with  high  aspect 
ratios  and  poorly  wettable  substrates  to  attain  high  uniformity  and  homogeneity. 

The  creation  of  nanoparticles  of  controllable  size  as  building  blocks  for  the  assembly  of 
supramolecular  structures  such  as  nanoparticle  thin  films  and  ordered  arrays  has  been  an  area  of 
considerable  interest  to  material  scientists  in  recent  years.  Much  of  the  interest  has  been  driven 
by  their  prospective  applications  as  electronic  devices,  optical  materials,  sensors,  molecular 
catalysts,  and  others.  The  purpose  of  this  research  is  to  explore  the  feasibility  of  using  SF-CO2 
as  a  medium  for  synthesizing  and  depositing  advanced  materials  in  small  structures  of 
semiconductor  substrates.  The  materials  of  particular  interests  are  nanometer-sized  particles 
composed  of  metals,  oxides,  or  sulfides,  which  are  known  to  be  conductors,  insulators,  and 
semiconductors.  Developing  techniques  of  synthesizing  nanoparticles  of  controllable  size  and 
their  subsequent  deposition  in  nano-structured  substrates  in  SF-CO2  is  one  of  the  main  objectives 
of  this  project.  Patterned  silicon  wafers  and  carbon  nanotubes  are  two  types  of  substrates  used 
for  developing  supercritical  fluid-based  materials  deposition  techniques  in  this  project. 
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Statement  of  the  Problems  Studied 


A  microemulsion-templated  method  is  used  for  synthesizing  metallic  and  metal  sulfide 
semiconductor  nanoparticles  of  different  sizes  in  SF-CO2.  The  \vater-in-CO2  microemulsion 
serves  as  a  nanoreactor  for  the  synthesis  as  well  as  a  template  for  controlling  the  size  of  the 
particles.  One  significant  observation  from  this  study  is  that  density  of  the  supercritical  fluid 
phase  can  be  used  as  a  parameter  for  fine  tuning  the  particle  size  synthesized  by  the 
microemulsion  method.  Continuous  tuning  the  size  of  metallic  particles  and  metal  sulfide 
particles  with  diameters  from  less  than  2  nanometers  to  over  10  nanometers  can  be  achieved  by 
varying  the  density  of  the  fluid  phase  in  the  synthetic  process.  The  synthesized  nanoparticles  are 
stabilized  in  SF-CO2  using  a  chemical  stabilizer  such  as  an  alkylthiol  compound.  Deposition  of 
the  thiol-stabilized  metal  nanoparticles  in  SF-CO2  forming  self-assembled  arrays  has  also  been 
demonstrated.  The  possibility  of  synthesizing  and  depositing  metal  nanoparticles  of  adjustable 
size  in  nanostructures  of  silicon  wafers  using  the  supercritical  fluid  technology  is  currently  under 
investigation. 

Direct  supercritical  fluid  deposition  of  metals  in  small  structures  of  semiconductor 
devices  with  high  aspect  ratios  and  in  the  interior  of  carbon  nanotubes  has  been  demonstrated  in 
our  previous  studies.  Further  research  in  this  direction  shows  that  with  proper  surface  treatment, 
condensation  and  aggregation  of  metal  nanoparticles  can  lead  to  nanoparticle  formation  on 
carbon  nanotube  surfaces.  Potential  applications  of  the  carbon  nanotube-supported  metal 
nanoparticles  as  catalysts  for  various  chemical  reactions  have  been  investigated.  Nanoparticles 
of  platinum  group  metals  attached  to  carbon  nanotubes  show  remarkably  high  catalytic  activities 
for  hydrogenation  reactions  and  for  carbon-carbon  coupling  reactions.  Utilization  of  the 
nanoparticle  catalysts  for  fuel  cell  and  for  sensor  applications  is  also  investigated. 
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Summary  of  the  Important  Results 

1.  Synthesizing  Metal  Nanoparticles  of  Controllable  Size  in  Supercritical  Carbon  Dioxide 
Using  \Vater-in-CO2  Microemulsion  as  Template 

There  has  been  much  interest  recently  in  synthesizing  nanometer-sized  metal  and 
semiconductor  particles  because  such  particles  in  the  quantum  confinement  range  exhibit  size 
dependent  optical  and  electrical  properties.  Water-in-CC>2  microemulsions  with  nanometer-sized 
water  core  are  well  suited  as  nanoreactors  for  synthesizing  nanoparticles  in  SF-CO2.1  The 
particle  growth  occurs  within  the  water  core  of  the  microemulsion  and  the  precursors  of  the 
nanoparticles  are  commonly  available  water-soluble  ions.  Since  the  radii  of  the  water  cores  are 
determined  by  the  water-to-surfactant  ratio  (W),  the  size  of  the  particles  synthesized  in  the 
microemulsion  may  be  controlled  by  the  W  value.  Other  factors  such  as  density  of  the  fluid 
phase,  which  is  known  to  affect  the  solvation  environment  of  the  microemulsion  and  change  the 
micelle-micelle  interactions  during  collisions,  may  also  be  used  to  control  the  size  of 
nanoparticles  synthesized  by  the  microemulsion  method. 

We  started  this  research  using  a  water-in-oil  microemulsion  with  a  fixed  W  value  for 
making  monodispersive  gold  (Au)  nanoparticles  by  chemical  reduction  of  Au3+  ions  to  metallic 
Au  with  a  reducing  agent  NaCNBFE.  Sodium  bis(2-ethylhexyl)sulfosuccinate  (AOT)  was  used 
as  the  surfactant  to  make  the  microemulsion.  The  synthesized  Au  nanoparticles  were  stabilized 
with  1-decanethiol.  Self-assembling  of  the  protected  Au  nanoparticles  in  an  evaporating  hexane 
solution  leads  to  the  formation  of  2D  and  3D  arrays  of  gold  nanoparticles.  Figure  3  shows  a 
TEM  micrograph  of  a  2D  array  of  Au  nanoparticles  formed  on  a  carbon  coated  copper  grid  using 
this  method.  When  water-in-hexane  microemulsion  was  used  for  the  synthesis,  we  obtained  2D 
arrays  of  Au  nanoparticles  with  an  average  particle  size  of  4.7  and  a  RSD  (relative  standard 
deviation)  of  7.5  %.  When  the  synthesis  was  done  using  a  water-in-heptane  microemulsion,  2D 
arrays  of  3.8  nm  average  size  gold  nanoparticles  with  RSD  of  5.4  %  were  observed.  Solvent 
appears  to  play  a  role  in  determining  the  size  of  the  gold  nanoparticles  synthesized  by  the  water- 
in-oil  microemulsion  method.  The  results  of  this  study  were  published  in  early  2006  (“A  Simple 
and  Rapid  Method  of  Synthesizing  2D  and  3D  Arrays  of  Gold  Nanoparticles”,  Journal  of 
Nanoscience  and  Nanotechnology  2006,  6,  669-674). 


Figure  3.  2-D  array  of  gold  nanoparticles  synthesized  by  the  microemulsion  method  in  hexane. 


The  Hildebrand  solubility  parameter  is  a  classical  thermodynamic  concept  of  evaluating 
solubility  of  a  solute  in  a  solvent.  In  terms  of  the  Hildebrand  solubility  parameter,  carbon 
dioxide  near  its  critical  point  density  (cpc  =  0.47  g  mL'1)  is  similar  to  liquid  hexane  at  room 
temperature.2,3  The  solubility  parameter  of  SF-CO2  increases  with  density  and  may  approach 
that  of  liquid  toluene  or  carbon  tetrachloride  at  higher  densities.  Since  SF-C02  is  a  tunable 
solvent,  we  can  easily  manipulate  its  solvation  strength  by  changing  density  (determined  by 
pressure  and  temperature)  of  the  fluid  phase.  Therefore,  density  may  be  used  as  a  simple  factor 
for  the  fine  tuning  of  nanoparticle  size  synthesized  by  the  microemulsion  method.  To  make 
water-in-C02  microemulsion,  a  fluorinated  AOT  surfactant,  sodium  bis(2,2,3,3,4,4,5,5- 
octafluoro-l-pentyl)-2-sulfosuccinate,  was  used  in  our  experiments.  Fluorine  containing 
compounds  are  known  to  have  high  solubilities  in  SF-C02.4  The  synthesized  Ag  nanoparticles 
were  stabilized  by  a  perfluorodecanethiol  compound.  We  used  this  water-in-C02  microemulsion 
system  to  study  the  effects  of  pressure  and  temperature  on  size  distribution  of  silver  (Ag) 
nanoparticles  synthesized  in  SF-C02.  Our  results  indicate  that  the  size  of  the  Ag  nanoparticles 
synthesized  by  the  C02  microemulsion  method  does  depend  on  the  density  of  the  SF-C02  phase 
and  continuous  tuning  of  Ag  nanoparticle  size  can  be  achieved  by  varying  density  of  the  fluid 
phase.  Figure  2A  shows  the  variation  of  average  Ag  nanoparticle  size  synthesized  by  the  C02 
microemulsion  method  with  respect  to  pressure  at  a  fixed  temperature  (40  °C)  in  SF-C02. 

Figure  2B  shows  the  variation  of  Ag  nanoparticles  with  temperature  at  a  fixed  pressure  (280  atm) 
synthesized  by  the  same  method. 
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Figure  2.  Left:  (A)  Variation  of  Ag  nanoparticle  size  with  respect  to  pressure  at  40  °C  (W=6). 

Right:  (B)  Variation  of  Ag  nanoparticle  size  with  temperature  at  280  atm  (W=6). 

The  insets  in  the  figures  show  variation  of  density  with  respect  to  P  and  T. 

The  pressure  and  temperature  of  the  experiments  shown  in  Figure  2  can  be  expressed  in 
terms  of  the  density  of  the  fluid  phase.5  When  the  average  diameter  of  the  Ag  nanoparticles 
synthesized  by  the  CCVmicroemulsion  method  is  plotted  against  the  density  of  the  fluid  phase, 
the  experimental  data  given  in  Figures  2A  and  2B  can  be  fitted  into  a  straight  line  (Figure  3A  for 
W=6).  The  observed  linear  relationship  suggests  that  the  average  Ag  nanoparticle  size  can  be 
tuned  continuously  by  varying  density  of  the  fluid  phase  during  the  synthesis.  Within  the  density 
range  of  our  experiments,  the  average  Ag  particle  size  varies  from  9.3  nm  at  0.80  g  mL'1  to  1.9 
nm  at  0.96  g  mL'1  with  a  slope  of  -0.04  nm/(g  mL'1).  Higher  density  tends  to  form  smaller  Ag 
nanoparticles  using  the  CCVmicroemulsion  synthetic  method.  One  plausible  explanation  is  that 
the  cohesive  energy  density  of  the  SF-CO2  solvent  is  higher  at  increased  density  (higher  P  or 
lower  T),  which  results  in  enhanced  ligand-solvent  interactions.2,3  Therefore,  at  higher  pressures 
or  lower  temperatures,  the  surfactant  molecules  of  the  microemulsion  are  more  solvated  by  SF- 
CO2 ,  resulting  in  weaker  micelle-micelle  interactions.  The  net  effect  might  be  a  decrease  in  the 
amount  of  material  exchange  during  micelle-micelle  collision;  as  a  result  smaller  Ag  particles 
with  narrower  size  distributions  are  obtained. 
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Figure  3.  Influence  of  CO2  density  on  the  average  size  and  size  distribution  of  silver 
nanoparticles  at  W-6  (A)  and  at  W=10  (B) 

When  the  size  of  the  microemulsion  is  increased  from  W=6  to  W=10  (W  is  the  mole  ratio 
of  water  to  surfactant  used  in  the  microemulsion  preparation)  for  the  Ag  nanoparticle  synthesis, 
the  same  linear  relationship  between  the  average  Ag  particle  size  and  the  density  of  the  fluid 
phase  is  observed.  In  this  case,  the  average  Ag  particle  size  varies  from  12.8  nm  at  0.80  g  mL'1 
to  5.4  nm  at  0.96  g  mL'1,  as  shown  in  Figure  3B.  Therefore,  by  manipulating  both  the  W  value 
and  the  density  of  the  fluid,  a  wide  size  range  of  nanoparticles  may  be  synthesized  in  SF-CO2 
using  the  microemulsion  method.  The  results  of  this  study  were  published  in  Small  in  2006 
(“Continuous  Tuning  of  Silver  Nanoparticle  Size  in  a  Water-in-Supercritical  Carbon  Dioxide 
Microemulsion”,  Small  2006,  2(11),  1266-1269). 

2.  Synthesizing  Metal  Sulfide  Semiconductor  Nanoparticles  of  Controllable  Size  in 
Supercritical  Fluid  Carbon  Dioxide 

Synthesizing  semiconductor  quantum  dots,  such  as  CdS  and  ZnS  nanoparticles,  has  been 
largely  explored  during  the  past  decade  due  to  their  size-dependent  optical,  magnetic  and  electric 
properties.  Luminescence  tagging  and  imaging,  medical  diagnostics,  and  nanoelectronics  are 
some  of  the  applications  that  are  being  developed  with  these  nanomaterials.  One  method  of 
synthesizing  metal  sulfide  nanoparticles  of  adjustable  size  is  using  microemulsion  as  a  template. 
In  an  earlier  study,  we  showed  that  CdS  and  ZnS  nanoparticles  can  be  synthesized  in  SF-CO2 
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using  a  microemulsion-plus-microemulsion  method.6  In  this  approach,  one  microemulsion 
containing  the  desired  metal  ions  (Cd2+  or  Zn2+)  is  added  to  another  microemulsion  containing 
the  sulfide  ions  (S2‘)  in  a  high-pressure  supercritical  fluid  reaction  cell  equipped  with  optic  fibers 
for  in  situ  spectroscopic  measurement  of  the  resulting  metal  sulfide  nanoparticles.  From  the 
absorption  spectra,  we  concluded  that  the  size  of  the  metal  sulfides  synthesized  can  be  adjusted 
by  the  W  value  or  the  water-to-surfactant  molar  ratio.  Since  the  solvation  strength  of  the 
supercritical  fluid  can  be  tuned  by  density  of  the  fluid  phase,  this  may  be  a  simple  parameter  for 
controlling  the  size  of  the  metal  sulfide  nanoparticles  synthesized  by  the  microemulsion  method. 

The  surfactant  used  in  this  study  is  the  same  as  that  described  in  the  previous  section  for 
the  synthesis  of  silver  nanoparticles  in  SF-CO2.  The  formation  of  metal  sulfide  nanoparticles  in 
SF-CO2  using  the  two-microemulsion  method  is  illustrated  by  the  following  diagram.  After  the 
synthesis,  the  metal  sulfide  nanoparticles  were  stabilized  by  the  same  fluorinated  decanethiol 
compound  used  in  the  silver  nanoparticle  study  for  spectroscopic  characterization. 

Synthesis  of  metal  sulfide  nanoparticles  using  a 
microemulsion-plus-microemulsion  method 


Figure  4(a)  shows  a  plot  of  the  average  CdS  nanoparticle  size  with  the  SF-CO2  density 
using  different  pressure-temperature  combinations,  for  W  =  10.  A  linear  relationship  between 
the  average  size  of  the  CdS  nanoparticles  and  the  density  of  the  fluid  phase  (in  the  range  0.86  to 
0.99  g  cm'3)  is  observed.  The  average  size  of  the  semiconductor  particles  varies  from  7  ±  1  nm 
at  0.86  g  cm'3  to  about  2. 1  ±  0.3  nm  at  0.99  g  cm'3,  with  a  slope  of  -0.036  nm/(mg  mL"1).  The 
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size  dispersion  varied  from  12  %  to  20  %  in  all  the  experiments,  in  general  larger  size  particles 
occurred  at  lower  densities.  From  Figure  4(a),  it  seems  possible  that  a  continuous  tuning  of  the 
CdS  nanoparticle  size  synthesized  using  the  CCVmicroemulsion  method  could  be  achieved  by 
varying  the  density  of  the  fluid  in  this  range.  Figure  4(b)  shows  the  diameter  of  the  nanocrystals 
as  a  function  of  density  for  W  =  6,  where  the  size  varied  from  4.0  ±  0.5  nm  to  1.3  ±  0.2  nm.  A 
linear  relationship  with  a  slope  of  -0.020  nm/(mg  mL'1)  similar  to  the  one  obtained  for  W  =  10 
was  observed.  Our  results  suggest  that  the  nanoparticle’s  size  follows  a  linear  relationship  with 
the  density  of  the  fluid  phase  independently  of  the  size  of  the  microemulsion.  Consequently,  by 
manipulating  both  parameters,  density,  and  W  value,  the  diameter  of  the  metal  sulphide 
nanoparticles  could  be  tuned  over  a  wide  range  of  values. 


Figure  4.  Influence  of  SF-CO2  density  on  the  average  size  and  size  distribution  of  CdS 
nanoparticles,  (a)  W=10;  (b)  W=6;  surfactant  concentration  (F-AOT)=10  mM. 

Figure  5  shows  a  representative  excitation  and  emission  spectra  of  the  stabilized  CdS 
nanoparticles  obtained  at  two  different  densities  of  SF-CO2.  A  red  shift  of  14  nm  (from  349  nm 
to  363  nm)  together  with  an  increase  in  the  Full  Width  at  Half  Maximum  (FWHM)  from  48  nm 
to  63  nm,  was  observed  in  the  excitation  spectra  when  the  density  of  the  solvent  decreased  from 
0.92  g/mL  to  0.87  g/mL  (WM0  F-AOT  concentration  10  mM).  This  is  related  to  the  observed 
increase  in  the  average  size  of  the  CdS  particles  from  4.7  ±  0.7  nm  to  6.0  ±  0.9  nm,  when  the 
synthesis  of  the  materials  is  carried  out  at  lower  fluid  densities.  The  emission  spectra  are 
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probably  associated  with  the  emission  of  the  surface  defects,  such  as  electron-hole  pair 
recombination  of  surface  trap  states.  Yet,  a  red  shift  in  the  fluorescence  wavelength  from  440  to 
498  nm  was  observed  when  the  size  of  the  CdS  nanoparticles  increased  in  the  range  described 
above. 
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Figure  5.  Exicitation  and  emission  spectra  of  CdS  nanoparticles  obtained  at  two  different  fluid 
densities,  (a)  Spectra  of  4.7  nm  (average)  CdS  nanoparticles  obtained  at  an  SF-CO2  density  of 
0.92  g  mL'1;  (b)  spectra  of  6.0  nm  (average)  CdS  nanoparticles  obtained  at  0.87  g  mL'1. 


The  variation  of  the  size  of  ZnS  nanoparticles  with  the  fluid  density  was  studied  by 
performing  experiments  in  a  similar  way  to  that  of  the  CdS  nanoparticles.  Figure  6  shows  a  plot 
of  the  variation  of  ZnS  nanoparticles  with  the  density  of  SF-CO2  for  two  different  W  values. 
When  the  W  value  was  10  (Figure  6 A),  the  size  of  the  nanoparticles  decreased  from  9  ±  1  nm  to 
1.9  ±  0.3  nm,  when  the  density  of  the  solvent  increased  from  0.86  g/mL  to  0.99  g/mL.  The  slope 
of  the  trend  line  was  -0.053  nm/(mg  mL'1).  When  W  =  6  was  used  in  the  preparation  of  the 
microemulsions,  the  size  of  the  ZnS  particles  synthesized  decreased  from  7  ±  1  nm  to  1.5  ±  0.2 
nm  with  a  slope  of -0.042  nm/(mg  mL'1),  as  shown  in  Figure  6B.  The  increase  in  the  average 
size  of  the  nanoparticles  with  the  size  of  the  micelles  (W  value)  in  SF-CO2  microemulsions 
follows  the  same  trend  as  that  described  previously  for  CdS  nanoparticles. 
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Figure  6.  Influence  of  SF-CO2  density  on  the  average  size  and  size  distribution  of  ZnS 
nanoparticles,  (a)  W=10;  (b)  W=6;  surfactant  concentration  (F-AOT)  =10  mM. 

On  Figure  7,  the  excitation  and  emission  spectra  of  the  stabilized  ZnS  nanoparticles 
obtained  at  two  different  densities  of  carbon  dioxide  are  shown.  A  red  shift  of  23  nm  (from  263 
nm  to  286  nm)  and  an  increase  in  the  FWHM  from  22  nm  to  30  nm,  are  observed  in  the 
excitation  spectra  when  the  density  of  the  solvent  decreased  from  0.99  g/mL  to  0.89  g/mL.  These 
results  are  in  agreement  with  an  increase  in  the  average  size  of  the  ZnS  particles  from  2.0  ±  0.3 
nm  to  6.7  ±  0.9  nm,  when  the  synthesis  of  the  materials  is  carried  out  at  lower  fluid  densities. 
Similar  to  what  we  observed  for  CdS  nanoparticles,  the  emission  spectra  of  ZnS  nanoparticles 
show  a  red  shift  in  the  fluorescence  wavelength  from  340  nm  to  373  nm  when  the  size  of  the  ZnS 
nanoparticles  increased. 
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Figure  7.  Excitation  and  emission  spectra  of  ZnS  nanoparticles  obtained  at  two  different  SF-CO2 
densitites.  (a)  Spectra  of  2.0  nm  (average)  ZnS  nanoparticles  obtained  at  a  CO2  density  of  0.99  g 
mL'1;  (b)  spectra  of  6.7  nm  (average)  ZnS  nanoparticles  obtained  at  a  density  of  0.89  gmL1. 

In  addition  to  the  W  value  and  the  density,  other  parameters  such  as  the  concentration  of 
the  surfactant  and  the  precursor  ions  used  in  the  synthesis  can  also  affect  the  size  of  the 
nanoparticles.  The  ability  of  continuous  tuning  of  nanoparticle  size  by  density  is  significant 
because  this  parameter  can  be  easily  controlled  by  varying  pressure  or  temperature  of  the 
supercritical  fluid  phase.  The  particle  size  distribution  appears  large  especially  for  the 
nanoparticles  synthesized  at  lower  densities.  The  microemulsion-templated  technique  requires 
further  refinement  for  production  of  monodispersive  nanoparticles  with  narrow  size  distribution. 
The  chemical  nature  and  the  structure  of  the  chemical  stabilizer  used  for  stabilizing  the 
synthesized  nanoparticles  are  also  important  for  preserving  the  nanoparticle  size  and  for  their 
subsequent  deposition  and  array  formation  in  SF-CO2.  The  distance  between  the  nanoparticles  in 
ordered  2-D  arrays  probably  can  be  controlled  by  different  alkyl  chain  length  or  structure  of  the 
chemical  stabilizer.  Further  research  along  this  direction  is  currently  in  progress  at  the 
University  of  Idaho  and  in  Dr.  Gail  Brown’s  laboratory  at  WPAFB. 

3.  Deposition  of  Nanoparticles  and  Array  Formation  in  Supercritical  Carbon  Dioxide 

Production  of  stable  nanoparticle  building  blocks  with  uniform  size  and  shape  is  a 
prerequisite  for  the  assembling  and  formation  of  ordered  nanoparticle  arrays  and  films.  Utilizing 
microemulsion  as  a  template  followed  by  addition  of  a  chemical  stabilizer  appears  to  be  a 
promising  approach  for  making  stable  nanoparticles  of  controllable  size  as  the  building  blocks 
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for  making  ordered  arrays.  Deposition  and  self-assembling  of  the  stabilized  nanoparticles  in  SF- 
CO2  may  be  achieved  by  two  different  approaches.  One  approach  is  by  reducing  pressure  of  a 
SF-CO2  solution  containing  a  saturated  amount  of  the  stabilized  metal  nanoparticles  causing 
precipitation  of  the  solute  from  the  solution.  The  second  approach  uses  an  anti-solvent  effect  in 
SF-CO2  causing  precipitation  of  stabilized  metal  nanoparticles  in  an  organic  solution.  In  the 
second  approach,  the  metal  nanoparticles  are  stabilized  by  a  chemical  reagent  which  is  not 
soluble  in  SF-CO2  but  can  be  dissolved  in  an  organic  solvent.  When  the  solution  is  in  contact 
with  SF-CO2,  the  organic  solvent  will  dissolve  in  the  supercritical  fluid  phase  by  raising  pressure 
of  the  system.  This  method  of  removing  the  solvent  from  the  organic  solution  would  cause 
precipitation  of  the  stabilized  metal  nanoparticles  on  substrates  submerged  in  the  organic 
solution.  Evaporating  the  organic  solution  in  SF-CO2  tends  to  form  more  uniform  and  long- 
range  2-D  arrays,  probably  due  to  the  near  zero  surface  tension  of  the  fluid. 

Both  approaches  have  been  tested  in  our  studies.  The  second  approach  appears  to  be  able 
to  produce  long  range  arrays  of  gold  nanoparticles.  Figure  8  shows  the  TEM  image  of  a 
decanethiol  stabilized  gold  nanoparticle  array  formed  by  the  SF-CO2  anti-solvent  effect.  The 
stabilized  gold  nanoparticles  prepared  by  the  microemulsion  method  were  first  dissolved  in 
toluene.  The  toluene  solution  in  a  small  glass  vial  with  a  carbon  coated  copper  grid  on  the 
bottom  was  placed  in  a  high-pressure  view  cell  with  quartz  windows.  The  pressure  of  the  SF- 
CO2  system  was  raised  slowly  until  all  solvent  was  dissolved  in  the  supercritical  fluid  phase. 

The  supercritical  fluid  solution  was  then  slowly  released  from  the  system  by  opening  an  exit 
valve.  Ordered  2-D  arrays  of  gold  nanoparticles  can  be  formed  on  the  copper  grid  as  illustrated 
in  Figure  8. 


Figure  8.  Array  of  gold  nanoparticles  formed  by  SF-CO2  evaporation  of  a  toluene  solution 
containing  dodecanethiol  stabilized  gold  nanoparticles  synthesized  by  a  microemulsion  method. 

Research  in  nanoparticles  deposition  using  SF-CO2  as  a  medium  is  still  in  progress  at  the 
University  of  Idaho  and  in  Dr.  Gail  Brown’s  laboratory  at  WPAFB.  The  technique  should  be 
able  to  adjust  the  particle  size  and  the  distance  of  separation  between  the  particles  arranged  in  an 
ordered  fashion  in  a  small  area  as  illustrated  in  the  following  diagram.  Formation  of  a  grid  or 
array  of  conductive  nanodots  that  are  isolated  from  each  other  and  uniformly  distributed  in  a 
precisely  defined  location  has  a  number  of  potential  application  in  microelectronics.  For 
example,  the  conductive  volume  could  be  the  target  recipient  of  tunnelling  electrons,  through  an 
adjacent  dielectric  layer,  as  the  charge  trap  to  regulate  the  switching  voltage  threshold  of  a 
transistor,  thus  defining  the  state  of  the  “bit”.  This  is  a  part  of  the  nanocrystal  Flash  memory 
strategy  that  some  semiconductor  companies  are  currently  pursuing.  We  plan  to  test  such 
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nanocrystals  prepared  in  SF-CO2  for  possible  charge  storage  study  in  2007  in  collaboration  with 
a  semiconductor  company  (Micron  Technology,  Inc.)  in  Idaho. 
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4.  Supercritical  Fluid  Chemical  Deposition  of  Metals  in  Nano-Structured  Substrates 

In  our  previous  studies,  we  have  demonstrated  that  metals  can  be  deposited  in  small 
structures  with  high  aspect  ratios  by  chemical  reduction  of  a  metal  precursor  dissolved  in  the  SF- 
CO2  phase.  Metal  P-diketonates  have  been  widely  used  as  precursors  because  of  their  high 
solubilities  in  SF-CO2.  A  number  of  transition  metal-P-diketonates  can  be  reduced  to  their 
elemental  state  by  hydrogen  at  moderate  temperatures  in  SF-CO2.  For  example,  by  hydrogen 
reduction  of  a  palladium  precursor  Pd(hfa)2  (hfa=hexafluoroacetylacetonate)  in  SF-CO2, 
palladium  metal  film  can  be  formed  on  the  surface  of  a  semiconductor  substrate  according  to  the 
following  reaction. 

Pd(hfa)2  +  H2  -*  Pd  +  2  Hhfa 

For  palladium  reduction,  this  reaction  occurs  at  a  relative  low  temperature  (50  °C  or  higher)  with 
3  atm  of  H2  in  80  atm  of  C02.  For  copper  and  nickel,  the  required  temperature  is  >250  °C.  The 
metal  films  deposited  on  silicon  wafers  using  the  supercritical  fluid  chemical  deposition  (SFCD) 
method  exhibit  good  adhesion,  smooth  morphology,  and  high  purity.  Because  of  the  penetration 
ability  of  SF-CO2,  metals  can  be  deposited  in  high-aspect-ratio  small  structures  using  the  SFCD 
method.  In  a  previous  study,  we  showed  that  device  quality  copper  can  be  deposited  in  high- 
aspect-ratio  trench  structures  by  hydrogen  reduction  of  Cu(hfa)2  in  SF-C02  (Figure  9).  In  the 
presence  of  a  small  amount  (2-5%)  of  Pd(hfa)2,  the  required  temperature  for  copper  deposition 
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can  be  significantly  reduced  to  100  °C  or  lower.7  Palladium  probably  acts  like  a  catalyst  for  the 
copper  deposition  in  SF-CO2.  In  another  report,  we  demonstrated  that  the  SFCD  method  is 
capable  of  depositing  metals  such  as  Pd,  Cu,  and  Ni  in  the  hollow  interiors  of  multi-walled 
carbon  nanotubes  with  diameters  in  the  range  of  1 0  nm  or  less.8  These  reports  suggest  that 
SFCD  is  a  potential  technique  for  depositing  advanced  materials  in  nanostructures  of 
semiconductor  devices.  Continuation  of  this  research  for  metal  oxide  deposition  in  small 
structures  of  semiconductor  devices  using  metal  alkoxide  as  precursor  in  SF-CO2  is  currently  in 
progress  at  the  University  of  Idaho  and  in  Dr.  Gail  Brown’s  lab  at  WPAFB. 


Hydrogen  reduction  of  metal-hfa 
(hexafluoroacetylacetonate)  in  SF-C02 
Cu(hfa)2  +  H2  ->  Cu  +  2  Hhfa 
Pd(hfa)2  +  H2  -»  Pd  +  2  Hhfa 


Pd  nanoparticles  Palladium  deposition  in  Copper  deposition  in  high-aspect-ratio 

on  functionalized  hollow  interior  of  MWCNT  trenches  on  silicon  wafer 

MWCNT  surface 


An  interesting  observation  in  our  carbon  nanotube  study  is  that  when  the  MWCNTs  are 
treated  with  acids  prior  to  the  SFCD  of  metals,  nano-metersized  metal  particles  are  formed  on  the 
surfaces  of  the  nanotubes.  Acid  treatment  of  MWCNTs  is  known  to  result  in  carboxylate 
formation  on  the  surfaces  of  the  nanotubes  which  apparently  can  serve  as  active  sites  for 
nucleation  and  growth  of  metal  nanoparticles  during  the  SFCD  process.  The  metal  nanoparticles 
are  uniformly  dispersed  on  the  surfaces  and  often  show  a  narrow  size  distribution.  The  high 
curvature  of  the  CNT  surfaces  is  probably  a  factor  that  permits  only  a  certain  size  range  of  metal 
nanoparticles  to  be  attached.  Surface  modified  carbon  nanotubes  with  metal  particles  have  a 
number  of  potential  applications  including  catalysts,  sensor  materials,  and  nano-electronics. 
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5.  Applications  of  Carbon  Nanotube-Nanoparticles  Composite  Materials 

We  have  investigated  some  potential  uses  of  the  carbon  nanotube-based  nanoparticle 
composite  materials  for  chemical  catalysis  and  sensor  applications.  One  example  is  the 
preparation  of  MWCNT-supported  platinum  (Pt)  nanoparticles  using  the  SFCD  method  and  their 
potential  use  as  an  electrochemical  catalyst  for  low  temperature  proton  exchange  membrane  fuel 
cell  application.  The  CNT-supported  Pt  nanoparticle  catalyst  prepared  by  the  SFCD  method 
shows  much  higher  activities  for  oxygen  reduction  and  for  methanol  oxidation  compared  with 
commercial  carbon-based  Pt  catalyst.  Carbon  nanotube-supported  bimetallic  nanoparticles  can 
also  be  synthesized  by  the  SFCD  method.  According  to  the  literature,  platinum-ruthenium  (Pt- 
Ru)  bimetallic  catalyst  is  effective  for  preventing  poisoning  of  Pt  catalyst  in  anodic  oxidation  of 
methanol.  We  synthesized  a  MWCNT-supported  Pt-Ru  bimetallic  nanoparticle  catalyst  using 
the  SFCD  method  with  two  metal  precursors  Pt(acac)2  and  Ru(acac)2  with  a  molar  ratio  of  1 : 1  in 
the  SF-CO2  phase,  where  acac  stands  for  acetylacetone.  Methanol  was  used  as  a  modifier  in  this 
case  to  increase  the  solubility  of  the  metal  precursors  in  SF-CO2.  Figure  9  shows  a  typical  TEM 
micrograph  of  the  carbon  nanotube-supported  bimetallic  Pt-Ru  nanoparticles  prepared  by  the 
direct  SFCD  method.  The  XRD  (powder  X-ray  diffraction)  pattern  shows  a  slight  shift  of  the  Pt 
peaks  indicating  a  possible  alloy  formation  for  the  bimetallic  Pt-Ru  nanoparticles.  The  EDS 
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(energy  dispersive  X-ray  spectroscopy)  spectrum  shows  both  Pt  and  Ru  are  present  in  the 
decorated  carbon  nanotubes. 
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Figure  9.  Carbon  nanotube-supported  Pt-Ru  bimetallic  nanoparticles  prepared  by  the  SFCD 
method. 

The  carbon  nanotube-supported  Pt  and  bimetallic  Pt-Ru  nanoparticles  exhibit  remarkably 
high  electrocatalytic  activities  for  cathode  reduction  of  oxygen  and  for  anode  oxidation  of 
methanol.  These  new  nanocatalysts  appear  important  for  developing  more  efficient  and  durable 
low  temperature  fuel  cells  such  as  direct  methanol  fuel  cells.  The  results  of  this  study  were 
published  in  2005  (“PtRu/Carbon  Nanotube  Nanocomposite  Synthesized  in  Supercritical  Fluid: 
A  Novel  Electrocatalyst  for  Direct  Methanol  Fuel  Cell”,  Langmuir  2005,  21,  1 1474-1 1479). 

The  CNT-supported  Pd  nanoparticles  show  high  chemical  catalytic  activity  for 
hydrogenation  reactions  and  for  C-C  coupling  reactions.  The  catalytic  activities  of  the  carbon 
nanotube-supported  Pd  nanocatalysts  are  much  higher  compared  with  commercially  available  Pd 
catalysts  stabilized  on  carbon  black.  In  addition  to  its  high  catalytic  activity,  the  CNT-supported 
metal  nanopartical  catalyst  can  also  be  recycled  for  repeated  use.  A  paper  describing  the  CNT- 
supported  Pd  nanoparticles  for  the  Suzuki  coupling  reactions  was  published  in  2006 
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(“Recyclaboe  and  Ligandless  Suzuki  Coupling  Catalyzed  by  Carbon  Nanotube-Suppported 
Palladium  Nanoparticles  Synthesized  in  Supercritical  Fluid”,  Synthetic  Communications  2006, 
36,  3473-3478).  Another  paper  describing  the  catalytic  activities  of  carbon  nanotube-supported 
palladium-rhodium  bimetallic  nanoparticles  was  published  in  2005  (“Microemulsion-Templated 
Synthesis  of  Carbon  Nanotube-Supported  Pd  and  Rh  Nanoparticles  for  Catalytic  Applications”, 
Journal  of  the  American  Chemical  Society  2005,  127 ,  17174-17175). 

The  carbon  nanotube-supported  Pd  nanoparticles  are  very  effective  for  catalytic 
conversion  of  organic  nitro  groups  to  amino  groups  in  the  presence  of  hydrogen  gas.  For 
example,  conversion  of  nitrobenzene  to  aniline  in  the  vapor  phase  can  be  accomplished  in  one 
minute  at  room  temperature  in  the  presence  of  hydrogen  gas  using  the  CNT-supported  Pd 
nanoparticles  as  catalyst.  This  rapid  nitro  to  amino  conversion  may  have  important  applications 
for  detection  of  nitro  explosives.  One  of  the  current  methods  for  detecting  nitro-aromatic 
explosives  such  as  TNT  (2,4,6-trinitrotoluene)  and  its  impurity  2,4-DNT  (2,4-dinitrotoluene)  is 
by  means  of  quenching  fluorescent  polymers  caused  by  the  nitro-aromatic  compounds.  This 
method  is  rapid  and  sensitive  but  is  not  selective  for  detecting  different  nitro-aromatic 
compounds.  If  the  nitro  aromatic  compounds  can  be  converted  to  aromatic  amines,  the 
molecular  electronic  transitions  would  allow  for  relatively  intense  fluorescence  of  the  aromatic 
amines.  The  main  reason  for  the  increase  in  the  fluorescence  of  aromatic  amines  is  due  to  a  n  — * ► 
k  transition.  This  transition  occurs  because  the  -NH2  substituent  is  a  strong  electron-donating 
group,  therefore  providing  electrons  to  the  benzene  ring  and  subsequently  allowing  for  radiative 
decay.  It  can  be  considered  that  the  -NO2  substituent  involves  an  n  — *  k  transition  (from 
selection  rules,  forbids  radiative  decay)  and  that  the  -NH2  substituent  involves 
transition.  The  highly  sensitive  and  selective  nature  of  fluorescence  makes  it  ideal  for  detecting 
and  identifying  explosive  vapors. 

Real  world  detection  of  TNT  often  occurs  through  the  detection  of  its  impurity  2,4-DNT 
due  to  its  higher  vapor  pressure  relative  to  TNT.  We  have  demonstrated  that  the  reduction  of 
2,4-dinitrotoluene  (2,4-DNT)  vapor  to  2,4-diaminotoluene  (2,4-DAT)  could  be  accomplished  by 
hydrogenation  at  room  temperature  using  carbon  nanotube-supported  palladium  nanoparticles 
(CNT-Pd)  as  the  catalyst  according  to  the  following  reaction. 
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2,4-DNT  2,4-DAT 


In  our  initial  experiments,  the  CNT-Pd  nanoparticle  catalyst  was  packed  in  a  stainless  steel 
tubing  (2  mm  i  d.  and  13  cm  in  length)  and  hydrogen  gas  carrying  saturated  2,4-DNT  vapor  in  air 
was  forced  through  the  tubing  at  a  flow  rate  of  0.7  L  per  minute.  The  exit  gas  was  bubbled 
through  an  ethanol  solution  to  collect  the  hydrogenation  product  for  fluorescence  measurements. 
Using  this  crude  small  channel  gas  flow  reactor,  we  were  able  to  detect  the  presence  of  2,4-DAT 
in  the  ethanol  solution  after  one  minute  of  reaction  by  fluorescence  using  a  Spex  FluoroMax-3™ 
spectrometer  (HORIBA  Jobin  Yvon)  with  a  150  watt  Xe  arc  lamp.  The  fluorescence  intensity  of 
the  ethanol  solution  was  found  to  increase  with  reaction  time  because  of  accumulation  of  2,4- 
DAT.  Without  the  nanoparticle  catalyst  no  conversion  of  2,4-DNT  was  observed.  To  increase 
the  fluorescence  yield,  commercially  available  amino-fluorescence-enhancing  reagents  such  as 
fluorescamine  can  be  used.  These  reagents  do  not  fluoresce  themselves,  but,  when  bonded  to 
amino  groups,  can  significantly  increase  fluorescence  yields  of  the  amino  compounds.  The 
fluorescence  tends  to  shift  farther  to  the  red,  which  could  decrease  background  from  impurities. 
Our  preliminary  experiments  also  showed  that  in  the  presence  of  fluorescamine,  2,4-DAT  could 
be  detected  down  to  10"12  M  (mol/L)  in  ethanol  using  the  FluoroMax-3™  spectrometer.  The 
fluorescence  detection  limit  could  be  further  lowered  using  several  approaches  including  using  a 
small  laser  (or  blue  LED)  for  excitation  and  concentration  of  the  amino  product.  The  results  of 
this  study  were  published  in  Applied  Spectroscopy  last  year  (“Fluorescence  of  Aromatic  Amines 
and  Their  Fluorescamine  Directives  for  Detection  of  Explosive  Vapors”,  Applied  Spectroscopy 
2006,  60,  958-963). 

We  have  also  demonstrated  methods  to  increase  selectivity  of  explosive  detection  using 
fluorescence;  this  includes  synchronous  luminescence  and  derivative  spectroscopy  with 
appropriate  smoothing.  By  implementing  synchronous  luminescence  and  derivative 
spectroscopy,  we  were  able  to  resolve  the  reduction  products  of  one  major  TNT-based  explosive 
compound,  2,4-diaminotoluene,  and  the  reduction  products  of  other  minor  TNT-based  explosives 
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in  a  mixture.  Our  approach  appears  promising  for  developing  a  method  for  rapid,  sensitive,  and 
selective  detection,  with  the  discrimination  necessary  to  distinguish  among  various  explosives. 
This  study  was  also  published  in  Applied  Spectroscopy  (“Increasing  Selectivity  for  TNT-based 
Explosive  Detection  by  Synchronous  Luminescence  and  Derivative  Spectroscopy  with  Quantum 
Yields  of  Selected  Aromatic  Amines”,  Applied  Spectroscopy  2007,  61,  68-73.  Figure  10  shows 
the  second  derivative  synchronous  luminescence  spectrum  of  a  mixture  of  4  aromatic  amino 
compounds  which  are  likely  hydrogenation  products  present  in  a  TNT-based  explosive  mixture. 
The  ability  of  the  fluorescence  technique  to  distinguish  the  hydrogenation  products  from  the 
explosive  mixture  is  obvious  as  illustrated  in  Figure  10.  Research  in  rapid  hydrogen  reduction  of 
other  explosive  vapors  including  tagging  compounds  using  the  nanoparticle  catalysts  developed 
by  this  project  and  their  fluorescence  detection  is  currently  in  progress.  A  proposal  has  recently 
been  submitted  to  the  National  Science  Foundation  requesting  support  for  continuation  of  the 
explosive  detection  research. 


Wavelength  (nm) 


Figure  10.  Left  is  synchronous  luminescence  (SL)  spectrum  of  a  four-component  mixture. 
Overlapping  of  fluorescence  peaks  result  in  a  broad  single  peak  located  at  3 10  nm.  Right  is  the 
2nd  derivative  of  SL  on  the  left.  Four  peaks  (a)  300  nm  (b)  305  nm  (c)  3 1 1  nm  (d)  3 16  nm 
corresponding  to  2,6-DAT,  otoluidine,  2,4-DAT,  and  /?-toluidine,  respectively. 
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Monodispersive  gold  nanoparticles  can  be  synthesized  by  a  dropwise  addition  of  a  reducing  agent 
microemulsion  to  a  gold  ion  microemulsion  followed  by  immediate  stabilization  with  1  -decanethiol. 
No  size-selective  precipitations  or  digestive  ripening  procedures  are  necessary.  There  is  no  need 
for  metal  functionalization  of  the  surfactant  AOT.  Gold  nanoparticles  with  an  average  size  of  3.8  nm 
and  a  relative  size  dispersion  of  5.4%  were  observed  using  n-heptane  as  a  solvent.  It  seems  pos¬ 
sible  to  adjust  the  nanoparticle  size  by  small  changes  in  the  carbon  chain  length  of  the  solvent. 
Self-assembled  2D  and  3D  arrays  of  gold  naqopartjcles  yyith  adjustable  sizes  have  been  obtained 
on  carbon-coated  copper  grids  and  on  a  silicon  wafer.  The  arrays  have  good  crystallinity  as  evi¬ 
denced  by  the  external  morphology  arid  transmission  electron  diffraction  results.  The  size  of  the 
gold  nanoparticle  3D  arrays  depends  on  the  immersion  time  and  ean  be  greater  than  15  /im.  This 
approach  could  be  used  to  synthesize  other  noble  metal  nanoparticle  arrays  that  may  lead  to  new 
materials  for  electronic  and  photonic  applications. 

Keywords:  Gold  Nanoparticles,  Microemulsions,  2D,  3D  Arrays. 


1.  INTRODUCTION 

Self-assembled  nanoparticle  arrays  and  their  electronic 
and  photonic  properties  represent  an  area  of  physics  thaf: 
has  rapidly  progressed  in  the  past  decade.  The  impor¬ 
tance  of  gold  nanoparticles  for  areas  ranging  fromefbctrbn 
microscopy  (contrast  agents),1  analysis  (chemical  and  i 
biological  sensors),2'5  electronics  (single-electron  transis¬ 
tors,  electrical  connects),6-7  materials  (dyes,  cbnbuSfi^e 
coatings),8'9  and  catalysis  (CO  oxidation  on  Au/Ti02 
composites),10,11  is  well  documented  in  the  literature. 
Several  research  groups  have  produced  gold  nanoparticle 
arrays,  but  none  with  well-defined  morphologies  larger 
than  about  one  micron.  Kimura  et  al.,12  found  a  way  to 
make  these  arrays,  but  the  procedure  is  complicated  and 
very  time-consuming,  taking  at  least  six  days  in  order  to 
obtain  the  final  crystals.  Micrometer-sized  gold  nanoparti¬ 
cle  arrays  have  been  synthesized  by  Klabunde  et  al.,13' 14 
but  the  procedure  is  tedious  because  all  solvents  must  be 
argon-purged  for  4  h,  and  the  reactions  have  to  be  carried 
out  under  an  argon  atmosphere.  Besides  that,  a  ripening 
procedure  consisting  of  an  extra  addition  of  the  protect¬ 
ing  agent  (dodecanethiol)  and  a  90  minute  reflux  with 
toluene  (under  an  inert  atmosphere)  needs  to  be  performed, 


'  Author  to  whom  correspondence  should  be  addressed. 


in  order:  to  improve  the  highly  polydispersive  particles 
Obtained  by  these  reactions. 

In  this  report,  we  present  a  simple,  rapid  and  repro¬ 
ducible  method  for  synthesizing  organosulfur-protected, 
monpdisperse  gold  nanoparticles  and  the  formation  of  2D 
;  arra^-  hiid  3D  macrocrystals  of  tunable  size.  Water-in-oil 
ihicroehiulsions  are  used  to  prepare  the  nanoparticles;  the 
Sjjzg  of  the  micelles  seems  to  be  determined  by  the  sol¬ 
vent  nature  rather  than  by  the  water-to-surfactant  (sodium 
di-2-ethylhexylsulfosuccinate)  ratio,  or  W  value,15  used  in 
its  preparation.  With  a  dropwise  introduction  of  the  reduc¬ 
ing  agent  microemulsion  to  the  gold  ion  microemulsion, 
reproducible  monodispersive  gold  nanoparticles  of  well- 
defined  size  and  shape  can  be  synthesized.  Neither  size- 
selective  precipitation  nor  digestive  ripening  is  necessary 
and  there  is  no  need  of  previous  metal  functionalization 
of  the  AOT.  The  experimental  conditions  for  synthesiz¬ 
ing  monodispersive  Au  nanoparticles  and  the  procedures 
of  making  2D  and  3D  arrays  of  the  protected  Au  nanopar¬ 
ticles  are  described  in  this  paper. 

2.  EXPERIMENTAL  DETAILS 

2.1.  Reagents 

All  chemicals  were  purchased  and  used  without  any  fur¬ 
ther  purification.  Sodium  cyanoborohydride  95%,  sodium 
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di-2-ethylhexylsulfosuccinate  (AOT)  and  1-decanethiol 
were  purchased  from  Aldrich.  Tetrachloroauric  acid  was 
obtained  from  Fisher  Scientific.  HPLC  grade  hexanes 
and  n-heptane  were  obtained  from  Fisher  Chemicals. 
Pharmco  ethanol  (200  proof)  was  used  for  the  washing 
procedure. 

2.2.  Preparation  of  Monodispersive 
Gold  Nanoparticles 

In  a  typical  preparation  procedure,  1  mL  of  water-in¬ 
hexanes  or  water-in-heptane  microemulsion  containing 
NaCNBH3  solution  (W  =  12)  was  added  drop-wise 
(1  minute  total  time)  to  1  mL  of  stirring  Au+3  contain¬ 
ing  water-in-hexanes  or  water-in-heptane  microemulsion 
with  the  same  W  value.  The  molar  ratios  of  reducing 
agent:  Au+3  ion  used  were  2.7 :  1  and  1  :  1  with  an  ini¬ 
tial  (overall)  concentration  of  Au+3  ions  of  3.2  x  10~3 
M  in  all  cases.  As  the  reducing  agent  was  added,  the 
color  changes  from  yellow  to  orange  to  brownish-blue  and 
finally  to  dark  purplish-red.  Immediately  after  the.  last'  of 
the  reducing  agent  was  added,  40  /zL  of  decanefhiol  was 
added.  It  is  well  known  that  there  is  a  selective'  feaction 
of  the  decanethiol  on  the  surface  of  gold  particles  due 
to  the  strong  affinity  of  the  SH  head-group  for  the  noble 
metal.16  The  solution  was  stirred  tor  one  hour.  A  large 
amount  of  precipitate  was  observed  when  a  1  :  1  reduc¬ 
ing  agent:  gold  ion  molar  ratio  was  utilized.  Hthanol  was 
used  to  wash  the  nanoparticles’  microemulsion.  This  pro¬ 
cedure  was  carried  out  in  triplicate.  The  nanoparticles  were 
finally  air-dried.  The  protected  Au  nanoparticles  can  be 
dispersed  in  non-polar  solvents  such  as  hexanes,  isooctatte 
or  chloroform.  The  solutions  are  stable  for  months,  show-’' 
ing  no  observable  change  in  color  or  UV-VIS  absorption 
spectra. 

2.3.  Preparation  of  Gold  Nanoparticle  Arrays 

Solutions  used  to  form  nanoparticle  arrays  were  prepared 
by  sonicating  the  dried  nanoparticles  in  hexanes  for  about 
10  seconds.  Two-dimensional  nanoparticle  arrays  were 
prepared  by  placing  one  drop  of  this  solution  onto  a 
carbon-coated  copper  grid.  Three  dimensional  nanoparti¬ 
cle  arrays  were  prepared  by  immersing  a  grid  in  600  /mL 
of  solution  for  one  to  three  hours.  In  all  cases,  the  grids 
were  dried  under  ambient  conditions.  TEM  images  were 
obtained  with  a  JEOL  1200  EX  II  transmission  electron 
microscope  at  an  accelerating  voltage  of  120  kV.  Scanning 
electron  microscope  (SEM)  photographs  were  taken  with 
a  LEO  Supra  35  VP  FESEM.  The  nanoparticles’  average 
size  and  standard  deviation,  as  well  as  their  average  sep¬ 
aration  distance,  were  determined  from  the  TEM  data  of 
the  monolayers  and  using  MathLab™  software.  UV-VIS 
absorption  spectra  of  the  gold  nanoparticle  solutions  were 
recorded  on  a  SI440  CCD-array  spectrophotometer  from 
Spectral  Instruments  Inc. 


3.  RESULTS  AND  DISCUSSION 

3.1.  UV-Vis  Characterization  of  Gold  Nanoparticles 

The  UV-VIS  spectrum  (Fig.  1)  shows  a  typical  surface 
plasmon  absorption  band  at  520  nm  for  the  protected  Au 
nanoparticles  in  the  microemulsion.  No  obvious  changes 
in  color,  UV-VIS  spectrum  or  particle  size  (ca.  4  nm)  were 
detected  upon  prolonged  storage  (3  months)  of  the  gold 
nanoparticle  solutions. 

3.2.  TEM  and  SEM  Characterization  of  Gold 
Nanoparticle  Arrays 

According  to  Fletcher17  and  Lopez-Quintela  et  al.,18’ 19  the 
material  exchange  during  micelles’  collisions  can  take 
place  by  the  formation  of  an  encounter-pair  followed  by 
either  the  opening  of  a  channel  or  by  fusing  the  two 
micelles  and  forming  a  fused  dimer.  Most  of  the  results 
reported  in  the  literature  assume  exchange  through  the 
fused  dimer,  and:  few  reports  discuss  exchange  through  the 
0  encounter  pair.  In  fact,  exchange  through  the  encounter 
pair  should :  be  difficult  unless  the  surfactant  film  is  dis¬ 
rupted,  as  it  is  in  the  case  of  some  cosurfactants  like 
benzylalcohol. 

HU;;  There  are  two  mechanisms  by  which  growing  of 
natioparticles  occur,  autocatalysis  and  Ostwald  ripening.19 
tn  the  first  mechanism,  the  reaction  inside  the  microemul¬ 
sion  dro|let  is  catalyzed  by  the  surface  of  an  existing 
aggregate.  In  the  second  case,  growing  occurs  by  con¬ 
densation  of  material,  coming  from  the  smallest  parti¬ 
cles.  These  particles  are  more  abundant  at  the  nucleation 
process  and  at  the  beginning  of  the  growth  process  and 
are  more  likely  to  collide  and  aggregate  than  the  larger 
I  ndndpahicles.  As  a  result,  a  small  nanoparticle  formed 
^inside  a  droplet  can  be  transferred  to  another  one  forming 
a  bigger  particle,  depending  on  the  size  ratio  between  the 
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Fig.  1.  Typical  UV-VIS  spectrum  of  gold  nanoparticles  (4  nm  size)  sta¬ 
bilized  by  a  water-in-hexane  microemulsion. 
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small  particle  and  the  interdroplet  channel.  In  our  experi¬ 
ments,  by  using  a  dropwise  addition  of  the  reducing-agent- 
containing  microemulsion  to  the  microemulsion  containing 
Au,3+  the  concentration  of  the  reducing  agent  should 
always  be  lower  than  that  of  the  Au3+  in  the  system, 
except  just  at  the  end.  Growing  by  autocatalysis  should 
then  be  minimized  due  to  the  fact  that  one  of  the  reactants 
(the  reducing  agent)  is  consumed  right  after  each  drop 
is  added.  For  this  non-stoichiometric  dropwise  method, 
Ostwald-ripening  would  be  the  main  mechanism  for  par¬ 
ticle  growth,  which  would  be  inhibited  and  limited  by 
the  droplet  intercollision  channel  size.  This  channel  size 
depends  on  the  W  value  we  select.  Therefore,  further 
growth  and  size  dispersion  would  be  limited  due  to  the 
following  two  factors:  the  limiting  channel  size  and  the 
immediate  stabilization  of  the  nanoparticles  by  the  protect¬ 
ing  agent  added  right  after  the  reducing  agent  microemul¬ 
sion  is  introduced. 

In  the  reported  microemulsion  methods,  a  reducing 
agent  microemulsion  solution  or  an  aqueous  solution  of 
reducing  agent  is  added  at  once  to  a  metal-ion-containdng; 
microemulsion  solution.20-22  In  these  methods,  both  auto- 
catalysis,  and  Ostwald-ripening  can  occur  and  the  size  and 
size  distribution  of  the  nanoparticles  are  less  restricted. 
Therefore  AOT  functionalization,  time-consuming  size- 
selective  precipitation  or  digestive  ripening  procedures  are 
necessary  in  order  to  obtain  gold  nanoparticles  with  narrow 
size  distributions 20  By  simply  limiting  the  particle  growth 
to  the  Ostwald  ripening  mechanism  as  demonstrated  in  this 
study,  it  is  possible  to  obtain  Au  nanoparticles  with  smaller 
sizes  and  narrower  size  distributions  than  those  obtained 
by  the  methods  reported  in  the  literature. 

Figure  2  shows  a  typical  transmission  electron  micro-  ' 
scope  (TEM)  photograph  obtained  in  our  study  of  . a  3Pf 
array  formation  of  the  thiol-protected  gold  nanoparticles > 
obtained  from  water-in-hexanes  microemulsions  using  a : 
molar  ratio  of  the  reducing  agent :  gold  ion  =  2.711  II  These? 
superlattices  were  obtained  by  immersing  a  carbon-coated 
copper  grid  in  the  Au  nanoparticles’  solution  for  an  hour 
and  then  allowing  it  to  evaporate  at  room  temperature. 


Fig.  2.  TEM  image  of  a  3D  array  of  gold  nanoparticles  of  4  nm  average 
size,  immersion  time:  1  hour  (A),  and  a  magnification-marked  area  (B). 
The  white  areas  correspond  to  extra  layers  of  the  Au  nanoparticles  due 
to  the  nonhomogeneous  solvent  evaporation. 


Fig.  3.  (A)  TEM  image  of  a  3D  array  of  gold  nanoparticles  of  4  nm 
average  size,  in  this  case  with  a  triangular  shape.  Immersion  time:  1 
hour.  (B)  Six  /um-sized  crystals  of  gold  nanoparticles  were  obtained  by 
immersing  a  carbon-coated  grid  in  the  protected  nanoparticles’  hexanes 
solution  for  3  h.  The  “coffee  rings”  areas  correspond  to  extra  layers  of 
particles  and  are  due  to  the  non-uniform  solvent  evaporation. 

Several  macrocrystals  (3D  arrays)  of  well-defined  hexag¬ 
onal  geometric  figures  were  formed  with  sizes  larger  than 
a  micrometer.  Figure  3A  shows  another  gold  nanoparti¬ 
cles’  superiattice  with  a  triangular  shape  and  with  a  similar 
size  to  the  one  shown  in  Figure  1 .  The  contours  of  these 
Crystals  are  well  defined.  When  the  immersion  time  of  the 
grids  in  the  nanoparticles’  solution  was  longer  (e.g.,  3  h), 
crystals  of  several  micrometers  in  size  could  be  formed 
(Fig,  3B).  This  suggested  that  a  large  concentration  of  the 
protected  Au  nanoparticles  was  still  present  in  the  solu¬ 
tion  and  would  continue  to  interact  with  the  3D  array 
resulting  |n  further  growth  of  the  crystals.  Similar  results 
were  obtained  when  a  silicon  dioxide  coated  Si-wafer 
ytm exposed  to  the  nanoparticle  solutions.  Figure  4  shows 
scanning  electron  micrographs  (SFM)  of  gold  nanoparti- 
:Cle  superlattices  formed  on  the  silicon  dioxide  wafer  for 
:  immersion  times  of  1  hour  (4A)  and  3  hours  (4B).  The 
size  of  the  arrays  was  as  large  as  16  /zm  in  cross  section 
arid  4  to  6  /4m  in  thickness.  Various  shapes  can  be  devel¬ 
oped  (when  the  growth  rates  in  different  directions  of  the 
crystals  are  different.  In  general,  the  growth  rate  in  the 
direction  normal  to  the  top  surface  of  the  plate  crystals  is 
slower  than  those  in  other  directions. 

Taleb  et  al.20  have  mentioned  that  formation  of  3D 
lattices  does  not  need  external  forces  and  is  due  to  an 


Fig.  4.  SEM  images  of  individual  gold  crystals  formed  by  4  nm  size 
gold  nanoparticles  in  a  SiO,  coated  wafer  with  immersion  times  of  1 
hour  (A)  and  3  hours  (B). 
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Fig.  5.  (A)  Transmission  electron  diffraction  pattern  of  an  individual 
gold  crystal  formed  by  4  nm  size  gold  nanoparticles.  (B)  Stacking  model 
of  Au  nanoparticles  (treated  as  hard  spheres).  Distances  calculated  from 
TEM  data. 

equilibrium  between  the  van  der  Waals  attraction  forces 
and  the  repulsive  hard-sphere  interactions.  Both  forces 
are  isotropic  and  the  array  is  achieved  by  increasing  the 
density  of  the  “pseudocrystal,”  which  tends  to  have  a 
close-packed  structure.  Transmission .  electron  diffraction 
(TED)  measurements  were  carried  out  on  some  samples. 
All  of  the  TED  patterns  recorded  from  several  zones 
of  randomly  selected  crystals  have  the  same  pattern  and 
similar  inter-spot  distance.  The  crystals  were  tilted  20° 
and  the  diffraction  pattern  did  not  change.  A  represen¬ 
tative  TED  photograph  of  these  3D  arrays  is  shown  in 
Figure  5A,  exhibiting  a  6-fold  symmetric  arrangement  of 
sharp  diffraction  spots.  Clearly,  the  hexagonal  pattern  indi¬ 
cates  a  6- fold  projected  symmetry  in  the  colloidal; crystals. 
Three  structures,  face-centered -cubic  (fee),  body-centered- 
cubic  (bcc),  and  hexagonal  close  packing  (hep)  exhibit  this 
type  of  symmetry,  therefore  the  most  direct  way  to  diS-  j 
tinguish  a  hexagonal-close-packing  system  from  a  cubic- 
close-packing  system  is  to  record  the  TED  from  at  least 
two  zone  axes.12  Even  though  more  information  is  heeded 
to  conclude  what  kind  of  lattice  these  crystals  repre-j 
sent,  it  is  worth  mentioning  that  the  crystals  obtained:  by 
Kimura  et  al.12  had  similar  TED  patterns.  They  combined 
this  information  with  X-ray  diffraction  (XRD)  and  trans¬ 
mission  electron  diffraction  (TED)  data  to  conclude  that 
the  Au  nanoparticles  were  arranged  in  a  very  long-range 
translational  ordering,  forming  a  hexagonal  close-packed 
superlattice  structure.  The  monodispersive  Au  nanoparti¬ 
cles  obtained  here  were  approximately  spherical  with  an 
average  diameter  of  4.0  nm  and  a  particle  size  distribution 
of  18%.  (The  picture  of  the  monolayers  used  for  this  cal¬ 
culation  is  not  shown.)  The  average  distance  between  two 
particle  centers  was  6.5  ±0.7  nm.  The  particles’  average 
separation  was  2.0  ±0.5  nm,  which  was  similar  (taking 
into  account  the  associated  distribution)  to  the  calculated 
length  (1.55  nm)  of  the  alkanethiol,  using  the  following 
empirical  Eq.  (I):23 

L(nm)=0.25±0.127n  (1) 

where  n  is  the  number  of  CH2  groups  ( n  =  10).  The  sim¬ 
ilarity  between  the  average  interparticle  distance  and  the 


length  of  the  alkyl  chain  suggest  that  the  alkyl  chains 
have  an  all-trans  conformation.  In  this  way,  close-packing 
of  alkyl  chains  into  an  all-trans  conformation  is  achieved 
by  intercalation  or  interpenetration  of  individual  chains  or 
domains  of  chains.20  Figure  5B  is  a  representation  of  the 
data  discussed  above  in  a  stacking  model  of  gold  nanopar¬ 
ticles  treated  as  hard  spheres.  It  should  be  noted  that  in 
order  to  form  these  monodispersed  nanoparticles,  neither 
digestive  ripening  nor  size-selective  precipitation  was  used 
in  our  procedure.  As  explained  above,  dropwise  addition  of 
the  reducing-agent-containing  microemulsion  to  the  gold 
ion  microemulsion  appears  to  provide  a  simple  way  to 
avoid  these  steps. 

In  the  case  where  a  1  :  1  reducing  agent :  gold  ion 
molar  ratio  was  used  in  the  preparation  of  Au  nanopar¬ 
ticles  in  hexanes,  2D  arrays  of  Au  nanoparticles  with 
narrower  size  distributions  were  obtained.  The  average 
Au  particle  size  was  in  this  case  4.7  nm  with  a  RSD  value 
of  7.5%.  The  average  distance  between  the  nanoparticle 
centers  was  calculated  to  be  6.0  ±0.5  nm,  while  the  aver- 
f:  age  distance  between  particles’  edges  was  2.0  ±0.3  nm. 
Figure  6  shows  two  different  zones  of  the  nanoparticle 
monolayers  formed  under  the  conditions  last  described. 
When  using  the  same  NaCNBH3  :  Au+3  molar  ratio,  but 
in  water-in-heptane  microemulsions  instead  of  in  hexanes, 
we  observed  2D  arrays  of  Au  nanoparticles  with  an  aver¬ 
age  size  of  3.8  nm  and  a  relative  size  dispersion  of  5.4%. 
m  Figure;  7A  shows  2D  gold  arrays  formed  when 
n -heptane  was  used  as  a  solvent.  Magnifications  of  two 
differ  cut  zones  of  the  2D  Au  arrays  are  shown  in  Figures 
iflildTC.  The  average  distance  between  the  particle  cen¬ 
ters  was  5.7  ±0.4  nm,  while  the  distances  between  the 
particles’  edges  were  similar  to  that  obtained  in  water- 
;  in-hexanes  microemulsions  (1.7  ±0.4  nm).  In  both  sol- 
events,.  the  particle  separation  was  roughly  similar  to  the 
calculated  length  (1.55  nm)  of  the  alkanethiol.  The  results 
appear  to  suggest  that,  under  similar  conditions,  a  more 
viscous  solvent  (n -heptane)  tends  to  decrease  the  nanopar¬ 
ticle  size,  the  size  distribution  and  the  distance  between 
centers,  compared  with  a  less  viscous  solvent  (hexanes). 

Precipitation  of  the  Au  particles  was  observed  when  tine 
molar  ratio  of  reducing  agent:  gold  ion  was  1:1.  This 


Fig.  6.  TEM  photographs  of  two  different  zones  of  a  gold  nanoparticle 
2D-array  with  a  particle  mean  size  of  4.7  nm,  obtained  using  water- 
in-hexanes  microemulsions  and  a  NaCNBH,  :  gold  ion  molar  ratio  of 
1.03  :  1.  The  scale  bar  applies  to  both  figures. 
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small  particle  and  the  interdroplet  channel.  In  our  experi¬ 
ments,  by  using  a  dropwise  addition  of  the  reducing-agent- 
containing  microemulsion  to  the  microemulsion  containing 
Au,3+  the  concentration  of  the  reducing  agent  should 
always  be  lower  than  that  of  the  Au3+  in  the  system, 
except  just  at  the  end.  Growing  by  autocatalysis  should 
then  be  minimized  due  to  the  fact  that  one  of  the  reactants 
(the  reducing  agent)  is  consumed  right  after  each  drop 
is  added.  For  this  non-stoichiometric  dropwise  method, 
Ostwald-ripening  would  be  the  main  mechanism  for  par¬ 
ticle  growth,  which  would  be  inhibited  and  limited  by 
the  droplet  intercollision  channel  size.  This  channel  size 
depends  on  the  W  value  we  select.  Therefore,  further 
growth  and  size  dispersion  would  be  limited  due  to  the 
following  two  factors:  the  limiting  channel  size  and  the 
immediate  stabilization  of  the  nanoparticles  by  the  protect¬ 
ing  agent  added  right  after  the  reducing  agent  microemul¬ 
sion  is  introduced. 

In  the  reported  microemulsion  methods,  a  reducing 
agent  microemulsion  solution  or  an  aqueous  solution  of 
reducing  agent  is  added  at  once  to  a  metal-ion-containing;: 
microemulsion  solution.20-22  In  these  methods,  both  auto-r. 
catalysis,  and  Ostwald-ripening  can  occur  and  the  size  and 
size  distribution  of  the  nanoparticles  are  less  restricted. 
Therefore  AOT  functionalization,  time-consuming  size*: 
selective  precipitation  or  digestive  ripening  procedures  are 
necessary  in  order  to  obtain  gold  nanoparticles  with  narrow 
size  distributions.20  By  simply  limiting  the  particle  growth, 
to  the  Ostwald  ripening  mechanism  as  demonstrated  in  this 
study,  it  is  possible  to  obtain  Au  nanoparticles  with  smaller 
sizes  and  narrower  size  distributions  than  those  obtained 
by  the  methods  reported  in  the  literature. 

Figure  2  shows  a  typical  transmission  electron  micro¬ 
scope  (TEM)  photograph  obtained  in  our  study,  of  .&  3D; 
array  formation  of  the  thiol-protected  gold  nanpparticles 
obtained  from  water-in-hexanes  microemulsions  using  a 
molar  ratio  of  the  reducing  agent :  gold  ion  =  2.71 1!  Thhse : 
superlattices  were  obtained  by  immersing  a  carbon-coated 
copper  grid  in  the  Au  nanoparticles’  solution  for  an  hour 
and  then  allowing  it  to  evaporate  at  room  temperature. 


Fig.  3.  (A)  TEM  image  of  a  3D  array  of  gold  nanoparticles  of  4  nm 
average  size,  in  this  case  with  a  triangular  shape.  Immersion  time:  1 
hour.  (B)  Six  /xm-sized  crystals  of  gold  nanoparticles  were  obtained  by 
immersing  a  carbon-coated  grid  in  the  protected  nanoparticles’  hexanes 
solution  for  3  h.  The  “coffee  rings”  areas  correspond  to  extra  layers  of 
particles  and  are  due  to  the  non-uniform  solvent  evaporation. 

Several  macrocrystals  (3D  arrays)  of  well-defined  hexag¬ 
onal  geometric  figures  were  formed  with  sizes  larger  than 
:  a  micrometer.  Figure  3A  shows  another  gold  nanoparti- 
7  .  c)^.Vs.bf)efiattlce  With  a  triangular  shape  and  with  a  similar 
size  to  the  one  shown  in  Figure  1.  The  contours  of  these 
crystals  are  Well  defined.  When  the  immersion  time  of  the 
grids  in  the  nanoparticles’  solution  was  longer  (e.g„  3  h), 
crystals  of  several  micrometers  in  size  could  be  formed 
(Fig,  3B).  This  suggested  that  a  large  concentration  of  the 
protected  Au  nanoparticles  was  still  present  in  the  solu¬ 
tion  and-would  continue  to  interact  with  the  3D  array 
rbsultingln  further  growth  of  the  crystals.  Similar  results 
were  obtained  when  a  silicon  dioxide  coated  Si-wafer 
was  exposed  to  the  nanoparticle  solutions.  Figure  4  shows 
scanning  electron  micrographs  (SEM)  of  gold  nanoparti- 
ele  superlattices  formed  on  the  silicon  dioxide  wafer  for 
immersion  times  of  1  hour  (4A)  and  3  hours  (4B).  The 
size  of  ifie  arrays  was  as  large  as  16  /im  in  cross  section 
arid  4  fb  6  fim  in  thickness.  Various  shapes  can  be  devel¬ 
oped  :Wh§n  the  growth  rates  in  different  directions  of  the 
crystals  are  different.  In  general,  the  growth  rate  in  the 
direction  normal  to  the  top  surface  of  the  plate  crystals  is 
slower  than  those  in  other  directions. 

Taleb  et  al.20  have  mentioned  that  formation  of  3D 
lattices  does  not  need  external  forces  and  is  due  to  an 


Fig.  2.  TEM  image  of  a  3D  array  of  gold  nanoparticles  of  4  nm  average 
size,  immersion  time:  1  hour  (A),  and  a  magnification-marked  area  (B). 
The  white  areas  correspond  to  extra  layers  of  the  Au  nanoparticles  due 
to  the  nonhomogeneous  solvent  evaporation. 


Fig.  4.  SEM  images  of  individual  gold  crystals  formed  by  4  nm  size 
gold  nanoparticles  in  a  Si02  coated  wafer  with  immersion  times  of  1 
hour  (A)  and  3  hours  (B). 
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Fig.  5.  (A)  Transmission  electron  diffraction  pattern  of  an  individual 
gold  crystal  formed  by  4  nm  size  gold  nanoparticles.  (B)  Stacking  model 
of  Au  nanoparticles  (treated  as  hard  spheres).  Distances  calculated  from 
TEM  data. 

equilibrium  between  the  van  der  Waals  attraction  forces 
and  the  repulsive  hard-sphere  interactions.  Both  forces 
are  isotropic  and  the  array  is  achieved  by  increasing  the 
density  of  the  “pseudocrystal,”  which  tends  to  have  a 
close-packed  structure.  Transmission  electron  .diffracticin  . 
(TED)  measurements  were  carried  out  on  some  samples. 
All  of  the  TED  patterns  recorded  from  several  zones 
of  randomly  selected  crystals  have  the  same  pattern  and 
similar  inter-spot  distance.  The  crystals  were  tilted  20° 
and  the  diffraction  pattern  did  not  change.  A  represents, 
tative  TED  photograph  of  these  3D  arrays  is  shown  in 
Figure  5A,  exhibiting  a  6-fold  symmetric  arrangement  of 
sharp  diffraction  spots.  Clearly,  the  hexagonal  pattern  indi¬ 
cates  a  6-fold  projected  symmetry  in  the  colloidal  crystals. 
Three  structures,  face-centered-cubic  (fee),  body-centered-  :- 
cubic  (bcc),  and  hexagonal  close  packing  (hep)  exhibit  IhiS  | 
type  of  symmetry,  therefore  the  most  direct  way  'o  dis¬ 
tinguish  a  hexagonal-close-packing  system  from  a  cubic* 
close-packing  system  is  to  record  the  TED  from  at  least 
two  zone  axes.12  Even  though  more  information's  heeded 
to  conclude  what  kind  of  lattice  these  crystals-  repte-i i 
sent,  it  is  worth  mentioning  that  the  crystals  obtained,  by  , 
Kimura  et  al.12  had  similar  TED  patterns.  They  combined 
this  information  with  X-ray  diffraction  (XRD)  and  trans¬ 
mission  electron  diffraction  (TED)  data  to  conclude  that 
the  Au  nanoparticles  were  arranged  in  a  very  long-range 
translational  ordering,  forming  a  hexagonal  close-packed 
superlattice  structure.  The  monodispersive  Au  nanoparti¬ 
cles  obtained  here  were  approximately  spherical  with  an 
average  diameter  of  4.0  nm  and  a  particle  size  distribution 
of  18%.  (The  picture  of  the  monolayers  used  for  this  cal¬ 
culation  is  not  shown.)  The  average  distance  between  two 
particle  centers  was  6.5  ±0.7  nm.  The  particles’  average 
separation  was  2.0  ±  0.5  nm,  which  was  similar  (taking 
into  account  the  associated  distribution)  to  the  calculated 
length  (1.55  nm)  of  the  alkanethiol,  using  the  following 
empirical  Eq.  (I):23 


length  of  the  alkyl  chain  suggest  that  the  alkyl  chains 
have  an  all-trans  conformation.  In  this  way,  close-packing 
of  alkyl  chains  into  an  all-trans  conformation  is  achieved 
by  intercalation  or  interpenetration  of  individual  chains  or 
domains  of  chains.20  Figure  5B  is  a  representation  of  the 
data  discussed  above  in  a  stacking  model  of  gold  nanopar¬ 
ticles  treated  as  hard  spheres.  It  should  be  noted  that  in 
order  to  form  these  monodispersed  nanoparticles,  neither 
digestive  ripening  nor  size-selective  precipitation  was  used 
in  our  procedure.  As  explained  above,  dropwise  addition  of 
the  reducing-agent-containing  microemulsion  to  the  gold 
ion  microemulsion  appears  to  provide  a  simple  way  to 
avoid  these  steps. 

In  the  case  where  a  1  :  1  reducing  agent :  gold  ion 
molar  ratio  was  used  in  the  preparation  of  Au  nanopar¬ 
ticles  in  hexanes,  2D  arrays  of  Au  nanoparticles  with 
narrower  size  distributions  were  obtained.  The  average 
Au  particle  size  was  in  this  case  4.7  nm  with  a  RSD  value 
:qf.Z£%.:,The  average  distance  between  the  nanoparticle 
centers  .was  calculated  to  be  6.0  ±0.5  nm,  while  the  aver¬ 
age;:  distance  between  particles’  edges  was  2.0  ±0.3  nm. 
Figure  6  shows  two  different  zones  of  the  nanoparticle 
monolayers  formed  under  the  conditions  last  described. 
When  using  the  same  NaCNBH3 :  Au+3  molar  ratio,  but 
in  water-in-heptane  microemulsions  instead  of  in  hexanes, 
we  observed  2D  arrays  of  Au  nanoparticles  with  an  aver¬ 
age  $iz«  of  3.8  nm  and  a  relative  size  dispersion  of  5.4%. 

Figure  7A  shows  2D  gold  arrays  formed  when 
«-heptane  was  used  as  a  solvent.  Magnifications  of  two 
different  zones  of  the  2D  Au  arrays  are  shown  in  Figures 
±7Bhatjd  7C.  The  average  distance  between  the  particle  cen¬ 
ters -was  5.7  ±0.4  nm,  while  the  distances  between  the 
particles’  edges  were  similar  to  that  obtained  in  water- 
-  in-hexanes  microemulsions  (1.7  ±0.4  nm).  In  both  sol¬ 
vents,;  the  particle  separation  was  roughly  similar  to  the 
calculated  length  (1.55  nm)  of  the  alkanethiol.  The  results 
appear  to  suggest  that,  under  similar  conditions,  a  more 
viscous  solvent  (n -heptane)  tends  to  decrease  the  nanopar¬ 
ticle  size,  the  size  distribution  and  the  distance  between 
centers,  compared  with  a  less  viscous  solvent  (hexanes). 

Precipitation  of  the  Au  particles  was  observed  when  the 
molar  ratio  of  reducing  agent :  gold  ion  was  1:1.  This 


L(nm)  =0.25  ±0.127n  (1) 

where  n  is  the  number  of  CH2  groups  (n  =  10).  The  sim¬ 
ilarity  between  the  average  interparticle  distance  and  the 


Fig.  6.  TEM  photographs  of  two  different  zones  of  a  gold  nanoparticle 
2D-array  with  a  particle  mean  size  of  4.7  nm,  obtained  using  water- 
in-hexanes  microemulsions  and  a  NaCNBH,  :  gold  ion  molar  ratio  of 
1 .03  : 1 .  The  scale  bar  applies  to  both  figures. 
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Fig.  7.  (A)  2D  arrays  of  gold  nanoparticles,  3.8  nm  in  size  obtained 

using  water-in-heptane’s  microemulsions  and  a  NaCNBH3  :  gold  ion 
molar  ratio  of  1  :  1.  (B)  and  (C)  are  magnifications  of  two  different  areas 
of  picture  A.  In  picture  C  we  can  see  that  a  double  layer  of  particles  has 
been  formed. 

phenomenon  might  be  related  to  the  narrower  particle  size 
distribution  calculated  from  the  micrographs  compared  to  ; 
the  one  obtained  when  a  molar  ratio  of  2.7 :  lwasutiiized; 
Analysis  on  the  precipitate,  obtained  from  systems  when 
lower  concentrations  of  reducing  agent  in  the  microemul¬ 
sions  were  used,  indicated  that  gold  was  the  main  compo¬ 
nent  (97%),  showing  a  polycrystalline  structure  (data  not 
shown).  Our  initial  hypothesis  that  charged  nanoparticles 
(due  to  probably  deficient  concentration  of  NfCNBlIj) 
would  lead  to  a  salt  formation  with  counter-ions  cpmiilg 
from  reaction  byproducts  was  overruled  when  analysis  on  j 
the  precipitate  showed  absence  of  boron,  sodium  and  chlo¬ 
rine.  The  mechanism  of  this  precipitate  formation  remains 
unclear.  .  ,  ... 

For  the  observed  variation  in  particle  size  when  solvents 
of  slightly  different  viscosity  were  used  in  the  preparation l: 
of  the  microemulsions,  a  possible  explanation  could  be 
given  by  referring  to  the  kinetics  studies  done  by  Fletcher 
et  al.17  and  by  Lopez-Quintela  et  al.24  Fletcher  et  al.  pre¬ 
dicted  that  the  mechanism  of  material  interchange  between 
AOT-stabilized  droplets  in  microemulsion  systems  for  fast 
reactions  is  via  a  fused  dimer.  The  exchange  constant  of 
materials  inside  the  fused  dimer  during  collision,  Kex,  is 
the  rate  determinant  step,  not  the  collision  frequency  which 
is  related  to  the  viscosity  of  the  solvent.  He  also  has  shown 
that  Kex  increases  with  increasing  the  carbon  number  in  the 
solvent  and  decreases  with  cyclization,  chain-branching 
and  lack  of  saturation  of  the  hydrocarbon  solvent,  at  a 
fixed  temperature.  With  this  in  mind,  we  should  expect 
an  increment  in  the  final  particle  size  when  the  experi¬ 
ments  are  carried  out  in  water/ AOT/«-heptane  microemul¬ 
sions,  compared  to  the  mean  particle  size  obtained  in 
water/AOT/hexanes  microemulsions.  However,  it  is  not 
what  we  observed. 

Lopez-Quintela  et  al.24  mentioned  that  the  relationship 
between  the  particle  size  and  Kex  is  more  complicated  than 


described  previously,  and  that  the  encounter-pair  reactant 
exchange  mechanism  could  take  place.  From  experimental 
data  and  Monte  Carlo  simulations,  it  was  shown  that  for 
Ka  values  lower  than  101  M~'s-1,  this  process  takes  place 
by  a  fused  dimer  mechanism,  while  for  Ka  values  larger 
than  108  M_1s_1,  the  exchange  process  takes  place  by  an 
encounter-pair  mechanism.  In  both  cases,  the  size  of  the 
particle  increases  with  the  Kex  value;  however,  for  interme¬ 
diate  Ka  values  (107-108),  a  process  defined  as  a  transition 
between  reactant  exchange  mechanisms  takes  place;  and 
both  mechanisms  occur.  In  this  region,  the  particle  size  can 
decrease  with  the  increment  of  K„  or  number  of  carbons 
in  the  solvent.24  This  might  explain  the  results  obtained  in 
our  work,  where  the  mean  nanoparticle  size  decreases, 
in  going  from  hexanes  to  n-heptane.  Further  experiments, 
making  use  of  solvents  with  longer  and  shorter  carbon 
chains,  are  necessary  in  order  to  verify  if  this  is  the  case. 

4.  CONCLUSIONS 

We  have  shown  that  by  a  dropwise  addition  of  the  reducing 
agent  (NaCNBH3)  containing  microemulsion  to  the  gold 
ion  microemulsion,  it  is  possible  to  make  monodispersive 
...  4  nm  size  Au  nanoparticles  without  time-consuming  size- 
•IfSelective  precipitation,  colloidal  digestive  ripening  or  pre¬ 
vious  functionalization  of  AOT.  Varying  the  time  that  a 
substrate  is  immersed  in  the  protected  nanoparticles’  solu¬ 
tion;  #e  were  able  to  tune  the  size  of  the  deposition,  form- 
®  ing:  3D;i#ystals  of  different  sizes  and  shapes.  These  3D 
.-arrays  are  very  well  defined  and  present  a  6-fold  projected 
symmetry  structure  as  shown  in  the  transmission  electron 
("FED)  patterns.  Although  the  size  distribution  of  the  gold 
nanoparticles  obtained  with  the  2.7 : 1  reducing-agent :  Au- 
:  ion  molar  ratio  was  relatively  large  (18%),  it  appears  that 
:  the  icartxm  chains  of  the  1-decanethiol  bonded  to  the  gold 
: :  nanoparticles  can  fold  themselves  and  arrange  among  the 
:  others  to  organize  the  particles  to  form  a  long  range  lattice. 

In  the  case  when  a  less  concentrated  reducing  agent 
was  used,  (NaCNBH3  :  gold  ion  molar  ratio  1  :  1)  a 
large  amount  of  precipitate  was  observed.  In  the  super¬ 
natant  solution,  Au  nanoparticles  of  very  uniform  size 
were  obtained  that  could  arrange  themselves,  forming  2D 
arrays  when  the  solution  was  evaporated  on  carbon-coated 
copper  grids.  The  formation  of  these  highly  monodisper¬ 
sive  Au  nanoparticles  might  be  explained  by  a  “sponta¬ 
neous”  one  step  size-selective  precipitation  and  the  reason 
for  this  observations  is  still  unclear.  Changing  the  carbon 
chain  length  of  the  solvent,  but  working  under  the  same 
conditions,  2D  arrays  of  monodispersed  nanoparticles  of 
different  sizes  can  be  obtained.  A  possible  mechanism  is 
given  even  though  further  experiments  and  measurements 
are  necessary  in  order  to  clarify  the  influence  of  the  inter¬ 
droplet  material  exchange  on  the  particle  size.  This  varia¬ 
tion  of  the  two-microemulsion  approach  described  here  for 
synthesizing  monodispersive  gold  nanoparticles  could  be 
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used  to  synthesize  other  noble  metal  nanoparticle  arrays 
that  may  lead  to  new  materials  for  electronic  and  photonic 
applications. 
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Continuous  Tuning  of  Silver  Nanoparticle 
Size  in  a  Water-in-Supercritical  Carbon 
Dioxide  Nlicroemulsion** 

Carlos  A.  Fernandez  and  Chien  M.  Wai* 

Supercritical  carbon  dioxide  (scC02)  provides  an  attractive 
substitute  for  petroleum-based  organic  solvents  for  chemical 
synthesis  since  it  is  nontoxic,  environmentally  benign,  non¬ 
flammable,  inexpensive,  and  readily  available  in  large  quan¬ 
tities.  One  unique  property  of  scC02  is  its  tunable  solvent 
strength  through  manipulation  of  its  density  (p),  which  can 
be  controlled  by  varying  the  temperature  and  pressure  of 
the  fluid.  This  property  is  attractive  for  studying  the  forma¬ 
tion  of  nanoparticles  using  water-in-scC02  microemulsions 
as  nanoreactors.  Shah  et  alJ*'  reported  the  influence  of  pres¬ 
sure,  stabilizer,  and  precursor  concentration  in  the  forma¬ 
tion  and  dispersion  of  silver  nanoparticles  obtained  by  ar¬ 
rested  precipitation,  where  a  thiol  stabilizer  was  added  to¬ 
gether  with  hydrogen  gas  (H2)  to  a  C02-soluble  metal  pre¬ 
cursor,  silver  acetylacetonate.  In  this  study,  no  microemul¬ 
sion  was  used  for  silver  nanoparticle  synthesis  and  the 
reaction  time  was  3  h.  At  a  thiol/precursor  ratio  of  around 
2.5  and  a  temperature  of  80  °C,  the  silver  nanoparticles  thus 
synthesized  were  found  to  decrease  in  size  with  increase  in 
pressure  from  4.0±2.1nm  at  207  bar  (p=0.61  gmL'1)  to 
1.7±l.lnm  at  259 bar  (p  =  0.698 gmL"1).  Above  that  pres¬ 
sure,  the  average  size  of  the  silver  nanoparticles  remained 
virtually  constant  with  smaller  standard  deviations.  Synthe¬ 
sis  of  copper  nanoparticles  in  reverse  micelles  was  per¬ 
formed  by  Kitchens  and  Roberts121  using  compressed  liquid 
and  supercritical-fluid  alkanes  as  the  bulk  solvent.  The  size 
of  the  nanocrystals  was  found  to  increase  with  pressure.  In 
supercritical  propane,  the  median  nanoparticle  size  (the 
median  instead  of  the  mean  diameter  was  used  due  to  the 
presence  of  large  particle  aggregate  outliers)  increased  from 
5.4  to  9.0  nm  with  increasing  pressure  from  241  to  345  atm 
at  21  °C  and  a  water-to-surfactant  molar  ratio  (IT  value)  of 
1.5.  The  size  variation  did  not  show  a  continuous  change 
and  in  the  pressure  range  276  to  317  atm  the  nanoparticle 
size  remained  unaltered.  The  reaction  times  in  these  studies 
were  long  (2-3  h)  and  the  size  dispersions  were  large  and  in 
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some  cases  almost  as  large  as  the  median  diameter  of  the 
nanoparticles. 

Despite  the  different  approaches  reported  in  the  litera¬ 
ture  for  studying  the  pressure  dependence  of  particle  size  in 
supercritical  fluids,  the  relationship  between  the  scC02  den¬ 
sity  and  the  size  of  the  nanoparticles  synthesized  in  water- 
in-C02  microemulsions  remains  unclear,  and  the  feasibility 
of  continuous  tuning  of  particle  size  in  a  wide  range  of 
values  by  variation  in  the  fluid  density  has  not  been 
achieved.  Herein,  we  present  our  recent  results  demonstrat¬ 
ing,  for  the  first  time,  that  the  size  of  silver  nanoparticles 
synthesized  in  a  scC02  microemulsion  varies  linearly  and 
over  a  particularly  wide  range  of  values  with  the  density  of 
the  fluid  phase.  The  observation  suggests  a  simple  technique 
for  continuous  tuning  of  the  size  of  nanoparticles  synthe¬ 
sized  in  reverse  micelles  with  scC02  as  a  solvent.  This 
unique  technique  may  have  a  range  of  applications  for 
making  2D  and  3D  arrays  of  nanoparticles  of  variable  size 
for  new  optical  materials  and  for  analytical  applications, 
such  as  ultratrace  detection  of  numerous  analytes  by  size- 
dependent  optical  enhancement  in  surface-enhanced  Raman 
scattering  (SERS).|3"s| 

The  transmission  electron  microscopy  (TEM)  images  of 
the  stabilized  nanoparticles,  obtained  by  evaporation  of  an 
acetone  solution  containing  the  nanoparticles  on  a  carbon- 
coated  copper  grid,  showed  relatively  monodispersive  nano¬ 
particles  and  a  distinct  separation  of  particles  by  the  stabiliz¬ 
ing  ligand  (Figure  1). 


Figure  t.  TEM  images  of  perfluorodecanethiol  (F-thiol)-protected  silver 
nanoparticles  with  an  average  diameter  of  3  nm.  Left:  2D  array  show¬ 
ing  a  distinct  separation  between  nanocrystals.  Right:  Two  superim¬ 
posed  monolayers  of  nanoparticles.  (Scale  applies  to  both  micro¬ 
graphs). 

Figure  2  shows  the  variation  of  the  average  size  of  Ag 
nanoparticles  with  fluid  pressure  when  they  were  synthe¬ 
sized  and  stabilized  according  to  the  procedures  described 
in  the  Experimental  Section  at  40 °C.  The  concentration  of 
the  surfactant,  sodium  bis(2,2,3,3,4,4,5,5-octafluoro-l- 
pentyl)-2-sulfosuccinate  (F-AOT,  20  mM),  concentration  of 
precursors  and  stabilizer,  the  W  value  (W=6),  and  the  tem¬ 
perature  (40  °C)  in  this  series  of  experiments  were  kept  con¬ 
stant  and  only  the  pressure  of  the  scC02  was  varied  from 
280  to  460  atm.  The  average  size  of  the  Ag  nanoparticles 
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Figure  J.  Influence  of  C02  pressure  on  the  average  size  and  size  dis¬ 
tribution  of  silver  nanoparticles  at  40°C,  IV=6,  [F-A0T]  =  20  ram. 
Inset:  density  versus  pressure  at  a  fixed  temperature  of  40’C. 


Figure  3.  Influence  of  temperature  on  the  average  size  and  size  distri¬ 
bution  of  silver  nanoparticles  at  a  fixed  C02  pressure  of  280  atm, 

W=  6,  [F-AOT]  =  10  urn.  Inset:  density  versus  temperature  at  a  fixed 
pressure  of  280  atm. 


synthesized  by  the  C02  microeraulsion  method  decreases 
continuously  from  about  8.4  nm  at  280  atm  to  about  3  nm  at 
460  atm  (Figure  2).  The  slope  of  the  trend  line  decreases  as 
the  pressure  increases.  The  size  distribution  of  the  Ag  nano¬ 
particles  is  larger  for  the  particles  formed  at  low  pressures. 
The  insert  in  Figure  2  shows  the  variation  of  the  density  of 
the  C02  with  the  pressure  at  a  constant  temperature  of 
40°C.  There  is  an  increment  in  the  density  of  the  solvent  as 
the  pressure  increases,  and  the  slope  of  this  plot  decreases 
as  the  pressure  reaches  higher  values. 

Figure  3  shows  the  effect  of  temperature  on  the  size  and 
the  size  distribution  of  the  Ag  nanoparticles  synthesized  by 
the  C02  microemulsion  method.  The  pressure  of  this  series 
of  experiments  was  fixed  at  280  atm  and  the  temperature 
was  varied  from  32  to  65 °C.  Other  parameters  including  the 
concentration  of  the  surfactant  (in  this  case  10  mM),  precur¬ 
sor  and  stabilizer  concentrations,  and  the  Upvalue  (W=6) 
were  all  kept  constant  as  in  the  case  of  the  pressure  depen¬ 
dence  study.  The  average  size  of  the  Ag  nanoparticles  in¬ 
creases  continuously  with  temperature  (see  Figure  3). 
Again,  the  size  distribution  is  larger  for  the  larger  particles 
formed  at  higher  temperatures.  The  density  of  scC02  is 
known  to  decrease  with  increasing  temperature  at  a  fixed 
pressure.  This  is  shown  in  the  inserted  plot  of  solvent  densi¬ 
ty  versus  temperature  (at  a  fixed  pressure  of  280  atm)  in 
Figure  3. 

The  pressure  ( P )  and  the  temperature  (T)  dependence 
studies  all  suggest  that  the  particle  size  of  the  Ag  nanoparti¬ 
cles  is  related  to  the  density  of  the  fluid  phase  within  the 
temperature  and  pressure  ranges  used.  The  cohesive  energy 
density161  of  the  solvent  (scC02)  is  higher  at  increased  sol¬ 
vent  density  (higher  P  or  lower  T),  which  results  in  better 
ligand-solvent  interactions.17^  Therefore,  at  higher  pressures 
or  lower  temperatures,  the  surfactant  molecules  in  the  mi¬ 
celles  may  be  more  solvated  and  the  micelle-micelle  inter¬ 


actions  become  weaker.  Under  these  conditions,  the  net 
effect  might  be  a  decrease  in  the  amount  of  material  ex¬ 
changed  during  collision,  and  smaller  particles  and  narrower 
size  distributions  are  obtained.  Another  factor  to  consider  is 
the  dependence  of  the  size  of  the  micellar  water  core  on 
pressure  and  temperature.  Small-angle  neutron  scattering 
(SANS)  experiments  carried  out  by  Xu  et  al.181  showed  that 
an  increment  in  pressure  or  temperature  had  an  impact  on 
the  size  of  the  water  droplets.  They  found  that  by  increasing 
the  pressure  from  170  to  380  atm,  the  size  of  the  water  core 
decreased  by  14%  at  27° C  (IT =5  and  surfactant  concentra¬ 
tion  27  mM).  On  the  other  hand,  an  increment  in  the  tem¬ 
perature  from  26  to  50  °C  produced  a  decrease  in  the  water- 
core  radius  by  3  to  4%  in  the  range  of  the  surfactant  con¬ 
centration  used  in  their  experiments  and  at  W=5.  The  sur¬ 
factant  used  in  their  study  was  bis[2-(F-hexyl)ethyl]  phos¬ 
phate  sodium  and  ammonium  salts.  In  our  study,  the  stabili¬ 
ty  of  the  microemulsion  with  respect  to  fluid  density  and 
the  effects  of  pressure  and  temperature  on  the  water-core 
size  might  both  play  a  role  in  controlling  the  final  silver 
nanoparticle  size. 

Several  experiments  were  carried  out  with  different 
pressure-temperature  combinations,  some  of  them  present¬ 
ing  identical  fluid  densities.  For  these  experiments,  where 
the  density  was  identical  but  the  pressure-temperature  con¬ 
ditions  were  different,  the  average  sizes  of  the  nanocrystals 
obtained  were  statistically  equivalent.  This  finding  demon¬ 
strates  that  a  variation  in  the  temperature  or  pressure  of 
these  water-in-C02  microemulsion  systems  (within  the 
ranges  studied)  seems  to  affect  the  final  size  of  the  nanopar¬ 
ticle  due  mainly  to  a  variation  in  the  density  of  the  solvent. 

A  plot  of  the  average  Ag  nanoparticle  size  with  the 
scC02  density  using  different  pressure-temperature  combi¬ 
nations  is  shown  in  Figure  4  A  for  W=6.  A  linear  relation¬ 
ship  between  the  average  size  of  the  Ag  nanoparticle  and 
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Figure  4.  Influence  of  CO,  density  on  the  average  size  and  size  distri¬ 
bution  of  silver  nanoparticles,  [F-AOT]  =  10  mM.  A)  IV=6.  B)  W=10. 

the  density  of  the  fluid  phase  (in  the  range  0,79  to 
0.96  gmL'1)  is  observed.  The  average  size  of  the  metal  par¬ 
ticles  varies  from  9.3  nm  at  0.80  gmL'1  to  about  1.9  nm  at 
0.96  gmL'1  with  a  slope  of  -0.042  nm/(mgmL'1).  The  size 
dispersion  varied  from  36  to  12%  in  all  the  experiments, 
and  was  usually  lower  at  greater  densities.  According  to  Fig¬ 
ure  4  A,  continuous  tuning  of  the  size  of  silver  nanoparticles 
synthesized  by  the  CO,  microemulsion  method  could  be 
achieved  by  varying  the  density  of  the  fluid  phase  in  this 
range.  Figure  4  B  shows  the  diameter  of  the  nanocrystals  as 
a  function  of  density  for  W=  10.  A  linear  relationship  with  a 
slope  of  -0.046  nm/(mgmL'‘),  similar  to  the  one  obtained 
for  W= 6,  was  observed.  The  increment  in  the  average  size 
of  the  nanoparticles  with  the  size  of  the  micelles  (W  value) 
in  scCO,  microemulsions  is  known  in  the  literature.19101  Our 
results  suggest  that  the  size  of  the  nanoparticles  follows  a 
linear  relationship  with  the  density  of  the  fluid  phase  inde¬ 
pendently  of  the  size  of  the  microemulsion.  In  consequence, 
by  manipulating  both  the  density  and  W value,  the  diameter 
of  the  nanoparticles  could  be  tuned  over  an  even  wider 
range  of  values 

Figure  5  shows  the  variation  of  the  nanoparticle  diame¬ 
ter  with  the  fluid  density  for  two  different  concentrations  of 
surfactant;  one  of  the  plots  has  already  been  shown  in  Fig¬ 
ure  4  A.  In  both  cases,  a  linear  relationship  is  obtained  but 
there  is  an  increase  of  67  %  in  the  slope  when  the  concen¬ 
tration  of  F-AOT  increases  from  10  to  20  mM.  The  concen¬ 
tration  of  silver  ion  and  NaCNBH3  in  the  water  core  is  con¬ 
stant  in  all  these  experiments,  but  the  population  of  the  CO, 
microemulsion  increases  in  the  system.  The  number  of  colli¬ 
sions  between  adjacent  reverse  micelles  would  increase  as  a 
result,  and  larger  nanoparticles  should  form.1'11  The  size  of 
the  nanoparticles  decreases  by  40  to  60%  when  the  concen¬ 
tration  of  surfactant  is  decreased  from  20  to  10  mM. 

The  reaction  time  is  another  factor  that  may  influence 
the  size  of  the  Ag  nanoparticles  synthesized  by  the  CO,  mi¬ 
croemulsion  method.  As  is  explained  in  the  Experimental 
Section,  the  reason  for  the  choice  of  3.5  min  to  discontinue 
the  reaction  was  to  avoid  further  aggregation,  as  indicated 
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Figure  5.  Influence  of  CO,  density  on  the  average  size  and  size  distri¬ 
bution  of  silver  nanoparticles,  W= 6.  A)  [F-AOT]  =  10  mM. 

B)  [F-AOT]  =  20  mM. 

by  our  spectroscopic  observation  (through  a  red  shift  and  a 
decrease  in  the  surface  plasmon  absorption  peak)  when  the 
reaction  time  was  extended.  By  increasing  the  reaction  time 
to  30  min,  the  average  size  of  the  silver  nanoparticles  (ob¬ 
tained  by  analysis  of  the  TEM  data)  increased  from  3.9  ±0.8 
to  5.8±1.6nm  when  scCO,  at  280  atm  and  40  °C  was  em¬ 
ployed  ([F-AOT]  =  10  mM,  W= 6).  Timing  of  Ag  nanoparti¬ 
cles  by  density  variation  appears  to  work  well  at  short  reac¬ 
tion  times  where  the  exchange-channel  mechanism  and  the 
micellar-templating  effect  dominate.  For  very  long  reaction 
times,  as  the  nanoparticles  grow  larger,  the  surfactant  might 
act  as  a  dispersant  ligand12'  and  sterically  stabilize  the  nano¬ 
particles  without  involving  the  microemulsion. 

In  summary,  we  have  shown  that  the  size  of  silver  nano¬ 
particles  synthesized  by  the  scC02  microemulsion-templat- 
ing  method  can  be  continuously  tuned  over  a  large  range  of 
values  by  density  variation  of  the  fluid  phase.  This  approach 
gave  consistent  results  for  two  different  W  values  and  for 
two  different  concentrations  of  surfactant  tested.  The  varia¬ 
tion  of  the  size  of  the  nanocrystals  with  the  density  of  the 
solvent  (which  follows  a  linear  relationship)  might  depend 
on  the  stage  of  the  synthetic  process  at  which  the  nanoparti¬ 
cles  are  stabilized.  Other  parameters  such  as  the  nature  of 
the  nanoparticles  and  the  solvent  may  have  an  effect  as 
well.  We  are  currently  applying  this  method  to  produce 
other  metallic  and  semiconductor  nanocrystals  in  scCO,. 

Experimental  Section 

The  surfactant  used  in  this  study,  sodium 
bis(2,2,3,3,M,5,5-octafluoro-l-pentyl)-2-sulfosuccinate  (F-AOT), 
was  prepared  in  our  laboratory  following  the  procedure  of 
Eastoe  et  al.|1JI  with  some  modification.  The  reducing  agent 
sodium  cyanoborohydride  (NaCNBH,;  purity  >95%)  was  ob¬ 
tained  from  Aldrich,  while  the  metal  precursor  silver  nitrate 
(AgN03  >99.5%)  was  obtained  from  ACR0S.  The  stabilizer  or 
protecting  agent,  lW,ltf,2W,2W-perfluorodecanethiol  (F-thiol ; 
>99%)  was  purchased  from  Buka. 
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The  liquid  CO,  was  metered  with  an  ISCO  syringe  pump 
(model  260  D)  and  pump  controller  (series  0)  and  introduced  to 
the  high-pressure  reactors  via  stainless-steel  tubing  (1/16  inch 
outer  diameter,  0.03  inch  inner  diameter).  The  high-pressure  ves¬ 
sels  were  heated  with  a  thermal  block,  and  the  temperature  was 
kept  constant  at  ±  0.1  °C  and  controlled  with  a  J-type  sensor  and 
an  Omega  digital  controller.  Three  homemade  high-pressure  ves¬ 
sels  were  utilized.  One  vessel  (volume  18.5  mL)  was  equipped 
with  a  fiber-optic  system  (path  length  3  mm)  and  connected  to  a 
CCD-array  UV/Vis  spectrometer  (Spectral  Instruments  model  SI- 
440,  Tucson,  AZ).1’31  The  spectrometer  was  capable  of  recording 
a  full  spectrum  from  240  to  900  nm  in  2  s.  It  could  also  measure 
the  change  in  absorbance  with  time  at  a  fixed  specific  wave¬ 
length.  The  second  vessel  was  a  17-mL  high-pressure  view  cell 
with  sapphire  windows.  The  last  one  was  a  17.5-mL  vessel  with 
a  movable  piston.  The  high-pressure  vessels  were  connected  to 
each  other  via  1/16  in.  stainless-steel  tubing.  Each  system  was 
isolated  from  the  others  by  HIP  high-pressure  valves. 

The  cloud  points  for  the  microemulsion  containing  Ag+  ions 
and  Ag  nanoparticles  were  studied  using  a  view  cell  connected 
to  a  piston  (both  immersed  in  a  thermal  bath)  and  by  visual  ob¬ 
servation  of  the  phase  behavior.  At  40JC,  a  W value  of  6,  and  a 
surfactant  concentration  of  20  mM,  the  cloud  point  was  125  ± 

2  atm.  Above  these  pressures  at  40  “C,  the  microemutsion  was 
stable  and  optically  transparent.  The  cloud-point  boundary  was 
approximately  linear  in  a  pressure  versus  temperature  plot  with 
a  slope  of  1.25  atnr'C  ’.  Our  experiments  were  performed  above 
the  cloud-point  pressure  to  the  limit  of  our  high-pressure  system 
(about  450  atm).  The  variation  in  density  of  scCO,  at  different 
temperatures  and  pressures  is  known.1’41 

The  silver  nanoparticles  were  synthesized  by  mixing  two 
water-in-scCO,  microemulsions,  one  containing  a  silver  nitrate 
solution  (0.15  m)  and  the  other  containing  an  aqueous  solution 
of  NaCNBHj  (0.35  m).  The  microemulsion  containing  the  reducing 
agent  was  pushed  into  the  silver  nitrate  microemulsion.  Forma¬ 
tion  of  the  Ag  nanoparticles  after  mixing  was  monitored  spectro¬ 
scopically,  using  the  optical  fiber  cell,  by  recording  the  absorp¬ 
tion  spectra  in  situ  every  2  s.  A  blank  measurement  was  taken 
before  the  reaction  to  provide  a  spectroscopic  baseline,  using  a 
water-in-scCO,  microemulsion  containing  deionized  water.  The 
characteristic  absorption  peak  due  to  surface  plasmon  reso¬ 
nance  of  Ag  nanoparticles  (T  =  420nm)  increased  to  a  maximum 
at  about  250  s  after  mixing,  started  to  decrease  gradually  in  in¬ 
tensity,  and  reached  a  plateau  in  about  62  min.  A  decrease  in  its 
full  width  at  half-maximum  (A(FWHM)=s43  nm)  when  going  from 

3  to  62  min  of  reaction  time  was  noticed,  together  with  a  red 
shift  of  15  nm  of  the  absorption  peak  wavelength.  This,  together 
with  the  decrease  in  the  peak  intensity,  should  indicate  that  the 
concentration  of  the  nanoparticles  reached  a  maximum  in  the 
first  4  min  and  was  followed  by  a  decrease  in  concentration, 
probably  attributable  to  aggregation.1151 

Therefore,  the  F-thiol  stabilizer  was  introduced  to  the  system 
at  exactly  250  s  after  mixing.  The  thiol-stabilized  Ag  nanoparti¬ 
cles  were  collected  in  an  acetone  solution  after  depressurizing 


the  system  for  TEM  measurements.  The  protected  Ag  nanoparti¬ 
cles  were  stable  in  acetone  for  several  days,  whereas  the  unpro¬ 
tected  Ag  nanoparticles  in  acetone  precipitated  after  approxi¬ 
mately  10  min.  TEM  images  were  obtained  with  a  IEOL  1200  EX  II 
transmission  electron  microscope  at  an  accelerating  voltage  of 
120  kV.  Energy-dispersive  spectroscopy  (EDS)  analysis  was  car¬ 
ried  out  with  a  LEO  Supra  35  VP  field-emission  scanning  electron 
microscope.  EDS  analysis  of  the  stabilized  nanoparticles  showed 
only  silver,  carbon,  fluorine,  and  sulfur  in  the  samples.  The  aver¬ 
age  size  of  the  Ag  nanoparticles  was  obtained  from  the  TEM 
images  by  counting  at  least  300  particles  using  interactive  imag¬ 
ing  software  (Matrox  Inspector)  from  Matrox  Electronic  Systems 
(Dorval,  Quebec,  Canada).  An  important  feature  of  this  software 
is  that  it  can  measure  a  large  number  of  particles  without  bias 
or  human  error. 
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Continuous  Tuning  of  Cadmium  Sulfide  and  Zinc  Sulfide  Nanoparticle  Size  in 
a  Water-in-Supercritical  Carbon  Dioxide  Microemulsion  | 


Carlos  A.  Fernandez  and  Chien  M.  Wai*w 


Abstract:  The  size  and  size  dispersion 
of  cadmium  sulfide  and  zinc  sulfide 
semiconductor  nanoparticles  can  be 
continuously  tuned  over  a  wide  range 
of  values  by  adjusting  the  density  of 
the  fluid  phase  in  water-in-supercritical 
C02  microemulsions.  The  average  size 
of  the  ZnS  nanoparticles  decreases  lin¬ 
early  from  approximately  9.1  to  1.9  nm 
with  increasing  fluid  density  from  0.86 
to  0.99 gem-3  at  a  water-to-surfactant 
ratio  (W  value)  of  10.  At  a  W  value  of 
6,  the  particle  size  can  be  tuned  from 
7.0  to  1.5  nm  in  the  same  density  range. 

In  the  case  of  CdS  nanocrystals,  the 

Introduction 

Synthesis  of  semiconductor  quantum  dots,  such  as  cadmium 
sulfide  and  zinc  sulfide  nanoparljcles,  have  been  largely  ex¬ 
plored  during  the  last  decade  due  to  their  size-dependent 
optical,  magnetic  and  electric  properties.**  3*  Luminescence 
tagging  and  imaging,  medical  diagnostics,  drug  delivery,  and 
nanoelectronics  are  some  of  the  applications  that  are.  being 
developed  with  these  nanomaterials.’'  **  One  of  the  ap¬ 
proaches  utilized  to  synthesize  these  nanomaterials  is  the 
microemulsion-templated  method  using  compressed  gases  as 
solvents.  Particularly,  supercritical  carbon  dioxide  (scC02) 
has  been  used  as  the  hulk  solvent  in  microemulsion  systems 
to  prepare  semiconductor  nanopartieles.*9*  Odhe  et  al.*10*  pre¬ 
pared  CdS  and  ZnS  nanopartieles  in  scCCL  using  a  microe¬ 
mulsion  approach.  They  showed  that  the  size  of  the  quan¬ 
tum  dots  can  be  adjusted  with  the  water-to-surfactant  molar 
ratio  or  W  value. 
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ed-thiol  .stabilizer.  The  stabilizer  is  in¬ 
troduced  at  6  and  16  minutes  after  the 
mixing::  of  the  two  microemulsions 
where  the  intensity  of  the  characteristic 
absorption  peak  due  to  the  quantum 
confinement  properties  of  the  CdS  and 
ZnS  nanoparticles  (280  and  360  nm) 
reaches:  a  maximum,  respectively.  The 
supercritical  C02  microemulsion 
method  represents  a  simple  approach 
to  usie  a  density-tunable  solvent  for 
synthesizing  size-controlled  semicon¬ 
ductor/  nanoparticles  over  a  broad 
range  of  values. 


Supercritical  fluids  (SCFs)  have  attracted  considerable  in¬ 
terest  as  a  reaction  medium  to  synthesize  nanopartieles, |U'1J* 
because  the  variations  in  SCF  solvent  properties,  such  as 
density,  diffusivity,  viscosity,  and  dielectric  constant,  can  be 
easily  manipulated  by  changing  the  system  temperature  and 
pressure.,*1 5 161  In  addition  to  these  advantages,  scCO,  pro¬ 
vides  an  attractive  substitute  for  petroleum-based  organic 
solvents  for  chemical  synthesis  since  it  is  nontoxic,  environ¬ 
ment  ally-benign,  nonflammable,  inexpensive,  and  readily 
available  in  large  quantities.  The  unique  property  of  super¬ 
critical  fluids,  including  scC02,  is  its  tunable  solvent  strength 
through  manipulation  of  its  density  (p),  which  can  be  easily 
controlled,  as  mentioned  above,  by  varying  temperature  and 
pressure  of  the  fluid  phase.  This  property  is  attractive  for 
studying  nanopartieles’  formation  using  water-in-scC02  mi¬ 
croemulsions  as  nanoreactors  There  are  a  few  reports  study¬ 
ing  the  variation  in  the  size  of  metallic  nanopartieles  with 
the  density  of  the  fluid  phase.  Shah  et  al.*17*  reported  the  in¬ 
fluence  of  pressure,  stabilizer,  and  precursor  concentration 
in  the  formation  and  dispersion  of  silver  nanopartieles  ob¬ 
tained  by  arrested  precipitation,  where  a  thiol  stabilizer  was 
added  together  with  hydrogen  gas  (H2)  to  a  C02-soluble 
metal  precursor,  silver  acetylacetone.  In  this  study,  no  mi¬ 
croemulsion  was  used  for  silver  nanoparticle  synthesis  and 


size  varied  from  7.1  to  2.0  nm  when  the 
W  value  was  10  and  from  4.0  to  1,3  mtt 
when  the  W  value  employed  was  6,  hi 
the  same  density  range.  Monodisper- 
sive  CdS  and  ZnS  nanopartieles  were 
synthesized  by  chemical  reaction  of 
cadmium  or  zinc  nitrate  with  sodium : 
sulfide,  using  two  water-in-Supercritical 
C02  microemulsions  as  iianoreactors 
followed  by  protection  With  a  fluorinat- 

Keywords:  mtcroemulsions  •  nano- 
particles  •  semiconductors  •  super- 
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the  reaction  time  was  3  h.  At  a  thiol/precursor  ratio  of 
around  2.5  and  a  temperature  of  80  °C,  the  silver  nanoparti¬ 
cles  thus  synthesized  were  found  to  decrease  in  size  with  in¬ 
crease  in  pressure  from  4.0T2.1  nm  at  207 bar  (p  = 
0.61  gmL"1)  to  1.7±l.lnm  at  259  bar  (p  =  0.698  gmL"1). 
Above  that  pressure,  the  average  size  of  the  silver  nanopar¬ 
ticles  remained  virtually  constant  with  smaller  standard  de¬ 
viations.  Synthesis  of  copper  nanoparticles  in  reverse  mi¬ 
celles  was  performed  by  Kitchens  and  Roberts*181  using  com¬ 
pressed  liquid  and  supercritical  fluid  alkanes  as  the  bulk  sol¬ 
vent.  The  size  of  the  nanocrystals  was  found  to  increase  with 
pressure.  In  supercritical  propane,  the  median  nanoparticle 
size  (the  median  instead  of  the  mean  diameter  was  used  due 
to  the  presence  of  large  particle  aggregate  outliers)  in¬ 
creased  from  5.4  to  9.0  nm  with  increasing  pressure  from 
241  to  345  atm  at  21  °C  and  a  W  value  of  1.5.  The  size  varia¬ 
tion  did  not  show  a  continuous  change  and  in  the  pressure 
range  276  to  317  atm  the  nanoparticle  size  remained  unal¬ 
tered.  The  reaction  times  in  these  studies  were  long  (2-3  h) 
and  the  size  dispersions  were  large  and  in  some  cases  almost 
as  large  as  the  nanoparticles’  median  diameter. 

We  have  recently  shown,  for  the  first  time,  that  the  size  of 
silver  nanoparticles  can  be  tuned  over  a  wide  range  of 
values  by  adjusting  the  density  of  scC02.1191  We  were  able  to 
synthesize  silver  nanoparticles  with  sizes  ranging  from  1.9  to 
9.3  nm  when  W  6  was  used  and  from  5.5  to  13  nm  when  a 
higher  watcr-to-surfactant  molar  ratio  (W  =  10)  was  em¬ 
ployed. 

To  our  knowledge,  the  variation  in  size  of  semiconductor 
quantum  dots  with  respect  to  supercritical  CO,  density,  have 
not  been  explored.  In  this  article,  we  present  a  study  per¬ 
formed  in  scCO,  for  synthesizing  two  well-known  semicon¬ 
ductor  nanocrystals,  CdS  and  ZnS.  We  demonstrate  that  the 
size  of  CdS  and  ZnS  nanoparticles  synthesized  in  a  scC02 
microemulsion,  varies  linearly  withgthe  density  of  the  fluid, 
in  a  similar  fashion  silver  nanopatticles  have  proven.  The 
observation  suggests  a  simple  technique  for  Continuous 
tuning  the  size  of  semiconductor  nanoparticles  synthesized 
in  reverse  micelles,  using  scCO,  as  a  solvent.  This  unique 
technique  may  have  a  range  of  applications  for  making  2D 
and  3D  arrays  of  nanoparticles  of  variable  size  for  new  opti¬ 
cal  materials,120'21'  biosensor-related  applications,122"24’  and, 
when  passivated  with  a  wider  bandgap  material,  targeting 
luminescent  probes  in  biological  labeling  and  diagnos- 
tics.*25-26'  i  ';- 


surfactant  concentration  (10  mM),  W  value  (W=10),  and 
precursors  concentrations  (CdN02  or  ZnNO2=0.3M,  Na2S  = 
0.6  m)  were  equivalent  in  both  situations.  Relatively  mono- 
dispersive  nanoparticles  were  observed  with  a  distinct  sepa¬ 
ration  of  particles  by  the  stabilizing  ligand. 
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Figure  1.  TEM  micrographs  of  the- Edhiol-protected  a)  CdS  and  b)  ZnS 
nanoparticles  with  awAVerage  diameter  of  4.8  and  4.0  nm,  respectively. 
Scale  applies  to  both  Figures  •••••' 


Figure  2  shows  the  variation  of  the  average  size  of  CdS 
nanoparticles  with  the  fluid  pressure  when  they  were  synthe¬ 
sized  and  stabilized  according  to  the  procedures  described 
in  the  Experimental  Section  at  40°C.  The  concentration  of 
the  surfactant,  sodium  bis(2,2,3,3,4,4,5,5-octafluoro-l- 
pentyi)-2-sulfosuccinate  (F-AOT,  10  mM),  concentration  of 
precursors  and  stabilizer,  the  W  value  (molar  ratio  of  water/ 
surfactant,  W.-10)  and  the  temperature  (40°C)  of  these 
series  of  experiments  Were  kept  constant  and  only  the  pres¬ 
sure  of  the  scCOj  was  varied  from  220  to  400  atm.  The  aver¬ 
age  size  of  the  CdS  nanoparticles  synthesized  by  the  C02 
microemulsipn  method  decreases  continuously  from  about 
7  ±  1  nm  at  220  atm  to  about  2.9±0.4nm  at  400  atm  as 
shown  in  Figure  2.  The  slope  of  the  trend  line  decreases  as 
the  pressure  increases.  The  size  distribution  of  the  CdS 
nanoparticles  is  larger  for  the  particles  formed  at  low  pres- 


V.  0  96- 
E  0.94  i 
o  0  92-i 


*  0.9  < 

?  0  30  > 


220  260300  340  380 
pi  atm 


Results  and  Discussion 


Figure  1  shows  a  representative  TEM  micrograph  for  the 
I//,  1  //,2//,2//-perfluorodecanethiol  (F-thiol)  stabilized  CdS 
(Figure  la)  and  ZnS  (Figure  lb)  nanoparticles,  obtained  by 
evaporation  of  an  acetone  solution  containing  the  nanoparti¬ 
cles  on  a  carbon-coatcd  copper  grid.  The  experimental  con¬ 
ditions  for  the  nanoparticles  shown  in  Figure  1  were 
300  atm.  40  °C  for  the  synthesis  of  CdS  nanoparticles  and 
350  atm,  40  °C  for  the  synthesis  of  ZnS  nanoparticles.  The 
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Figure  2.  Influence  of  C02  pressure  on  the  average  size  and  size  distribu¬ 
tion  of  CdS  nanoparticles  at  40  °C,  W  =  10,  [F-AOT]  =  10  mM.  Insert: 
Density  versus  pressure  at  a  fixed  temperature  of  40  °C. 


2  '  wmv.chemeurj.org  ©  2007  Wiley 

^  These  are  not  the  final  page  numbers 


©  2007  Wiley- VCH  Verlag  GmbH  &  Co.  KGaA,  Weinheim 


Client.  Eur.  J.  0000,  00,  0-0 


Cadmium  Sulfide  and  Zinc  Sulfide  Nanoparticles 


FULL  PAPER 


sures.  The  insert  on  Figure  2  shows  the  variation  of  the  den¬ 
sity  of  the  C02  with  the  pressure  at  a  constant  temperature 
of  40  °C.  There  is  an  increment  in  the  density  of  the  solvent 
as  the  pressure  increases  and  the  slope  of  this  plot  decreases 
as  the  pressure  reaches  higher  values.  The  effect  of  tempera¬ 
ture  on  the  size  and  size  distribution  of  the  CdS  nanoparti¬ 
cles  synthesized  by  the  C02  microemulsion  method  is  shown 
in  Figure  3. 


Tl‘  C 


Figure  3.  Influence  of  temperature  on  the  average  size  and  size  distribu¬ 
tion  of  CdS  nanoparticles  at  a  fixed  C02  pressure  of  400  atm,  W  =  10,  [F- 
AOT]  =  10  mM.  Insert:  Density  versus  temperature  at  400  atm. 

The  pressure  of  this  series  of  experiments  was  fixed  at 
400  atm  and  the  temperature  varied  from  32  to  65 °0,  Other 
parameters  including  the  concentration  of  the  surfactant  (in 
this  case,  10  mM),  precursors  and  stabilizer  concentrations, 
and  the  W  value  (W  =  10)  were  all  kept  constant.  The  aver¬ 
age  size  of  the  CdS  nanoparticles  increases  continuously 
with  temperature  as  shown  in  Figure  3.  Again,  the  size  dis¬ 
tribution  is  larger  for  the  larger  particles  formed  at  higher 
temperatures.  The  density  of  scCOj  is  known  to  decrease 
with  increasing  temperature  at  a  fixed  pressure  and  it  is 
shown  in  the  inserted  plot  of  solvent  density  versus  tempera¬ 
ture  (at  a  fixed  pressure  of  40Q  atm)  id  Figure  3.  These  ob¬ 
servations  may  be  an  indication  Ehat  the  particle  size  of  the.: 
CdS  nanoparticles  is  related  to  the  density  of  the  fluid  phase 
within  the  temperature  and  pressure; ranges  of  this  study.  At 
this  point,  it  is  important  to  introduce  the  term  Cohesive 
Energy  Density  (CED)  which  is  a  direct  reflection  of  the 
degree  of  van  der  Wnals  forces  holding  molecules  together. 
The  CED  of  the  solvent  (ScC02)  is  a  function  of  the  fluid 
density  and  is  higher  ht  increased  solvent  density  (higher  p 
or  lower  7).  L,  .  When  the  CED  of  solute  and  solvent  is 
similar  (scC02  and  the  fluorinated  surfactant  tails  in  the  mi¬ 
celles),  their  intermolecular  attractive  forces  are  compara¬ 
ble.  Since  the  solubility  of  two  materials  depends  on  their 
intermolecular  attractive  forces,  one  might  expect  that  mate¬ 
rials  with  similar  CED  values  would  be  miscible.  Under 
these  conditions,  the  interactions  between  solvent-surfactant 
tails  are  maximized.1 [2S|  Therefore,  at  higher  pressures  or 
lower  temperatures,  the  fluorinated  surfactant  molecules  in 
the  micelles  may  be  more  solvated  and  the  micelle-micelle 
interactions  become  weaker.  The  result  might  be  a  decrease 


in  the  amount  of  materials  exchange  during  collision  and 
smaller  particles  are  obtained. 

Another  factor  to  take  into  account  is  the  influence  of  the 
pressure  and  temperature  of  the  system  on  the  size  of  the 
micellar  water  core.  Xu  et  al.|29)  showed  that  an  increment  in 
pressure  has  an  impact  in  the  size  of  the  water  droplets.  By 
means  of  SANS  experiments,  they  found  that  the  size  of  the 
water-core  decreased  by  14%  when  the  pressure  was  in¬ 
creased  from  170  to  380  atm  at  27  °C  (W  =  5  and  surfactant 
concentration  27  mM).  The  surfactant  used  in  this  study  was 
bis[2-(F-hexy!)ethyl]  phosphate  salts  of  sodium,  and  ammo¬ 
nium.  In  our  study,  both  parameters,  micelles’  stability 
through  density  and  water-core  size  through  pressure,  might 
be  playing  a  role  in  controlling  ffie  final  nanoparticle  size.  In 
order  to  identify  which  parameter  would  lead  this  size -con¬ 
trolling  role,  several  experiments  were  carried  out  with  dif¬ 
ferent  pressure-temperature  combinations,  some  of  them 
presenting  identical  fluid  densities.  For  these  experiments, 
where  the  density  was  identical  but  the  pressure-tempera¬ 
ture  conditions  were  different,  the  average  sizes  of  the  CdS 
nanocrystals  Obtained  were  statistically  equivalent.  This 
demonstrates  that  a  variation  in  the  temperature  or  in  the 
pressure  of  these  water-in-C02  microemulsion  systems 
(within  the  ranges  studied  here)  seems  to  affect  the  final 
nanoparticle’s  size  due  mainty  to  a  variation  in  the  density 
of- the  solvent. 

Figure  4a  shows  a  plot  of  the  average  CdS  nanoparticle 
size2  with  the  scC02  density  iisirig  different  pressure-temper¬ 
ature  combinations,  for  W  =10.  A  linear  relationship  be¬ 
tween  the  average  size  of  the  CdS  nanoparticles  and  the 
density  of  the  flrrid  phase  (in  the  range  0.86  to  0.99  gem'3) 
is  observed.  The  average  size  of  the  semiconductor  particles 
varies  from  7±1  rim  at  0.86  gem'3  to  about  2.1  ±0.3  nm  at 
0.99 gem"3  with  a  slope  of  -0.036 nm  per  (mgmL"1).  The 
size  dispersion  varied  from  12  to  20%  in  all  the  experi¬ 
ments,  being  iri  general  larger  at  lower  densities.  From  Fig¬ 
ure  4a,  it  seems  possible  that  a  continuous  tuning  of  the  CdS 
hanoparticle  size  synthesized  by  the  C02-microemulsion 
method  could  be  achieved  by  varying  the  density  of  the 
fluid  in  this  range.  Figure  4b  shows  the  diameter  of  the 
nanocrystals  as  a  function  of  density  for  W  =  6,  where  the 
size  varied  from  4.0±0.5nm  to  1.3±0.2nm.  A  linear  rela¬ 
tionship  with  a  slope  of  -0.020  nm  per  (mgmL1)  similar  to 
the  one  obtained  for  W=10  was  observed.  This  decrease  in 
the  size  of  the  nanocrystals  with  the  decrease  in  the  size  of 
the  micellar  water-core  may  be  due  to  the  fact  that  there  is 
a  change  in  the  hydration  of  the  ions.1301  At  vety  low  W 
values,  a  small  number  of  ions  are  free  from  interacting  with 
the  negative  heads  of  the  F-AOT  surfactant  at  the  surface 
of  the  micelle.  In  this  way,  the  ions  are  less  reactive  due  to 
the  fact  that  they  have  to  be  pulled  away  from  the  micelles’ 
anionic  walls.  In  such  cases,  the  precipitation  reaction  gives 
rise  to  a  smaller  number  of  nuclei  and  the  average  of  the 
final  nanocrystal’s  size  is  smaller.  Conversely,  when  the 
water  content  is  larger  (larger  W  values)  there  are  a  larger 
number  of  “free”  ions  and  an  increment  in  the  reaction 
yield  should  be  observed.  Consequently,  the  number  of 
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nuclei  increases,  and  the  size  and  production  of  nanocrystals 
increases.  Our  results  suggest  that  the  nanoparticle’s  size  fol¬ 
lows  a  linear  relationship  with  the  density  of  the  fluid  phase 
and  that  this  trend  is  independent  of  the  W  value  or  size  of 
the  microemulsion.  In  consequence,  by  manipulating  both 
parameters,  density  and  W  value,  the  diameter  of  the  nano¬ 
particles  could  be  tuned  over  even  a  wider  range  of  values. 


Figure  4.  Influence  of  CO,  density  on  the  average  size  and  size  distribu¬ 
tion  of  CdS  nanoparticles,  [F-AOT]  =  10  inM.  a)  W  =  10 ;  b)  W  =  6. 

The  variation  of  the  nanoparticle’s  diameter  with  the  fluid 
density  was  also  studied  for  two  different  concentrations  of 
surfactant.  Figure  5  shows  the  results,  where  one  of  the  plots 
(Figure  5a)  was  already  shown  in  Figure  4a.  In  both  cases  a 
linear  relationship  was  obtained  and  the  slope  of  the  trend 
line  was  -0.030  nm  per  (ragmL'1)  when  the  concentration 
of  FAOT  was  20  mM.  An  increment  in  the  size  of  the  CdS 
nanoparticles  was  observed  when  a  greater  surfactant  con¬ 
centration  was  employed  specially  at  higher  densities.  The 
concentration  of  Cd2t  and  S2"  ions  in  the  water  core  is  con¬ 
stant  in  all  these  experiments,  but  the  population  of  the  CO_, 
microemulsion  increases  in  the  system.  The  number  Of  colli¬ 
sions  between  adjacent  reverse  micelles  would  increase  as  a 
result,  and  larger  nanoparticlcs  Should  form.131' 


Figure  5.  Influence  of  C02  density  on  the  average  size  and  size  distribu¬ 
tion  of  CdS  nanoparticles,  W=10.  a)  [F-AOT]  —  10  mM;  b)  [F-AOT]  = 
20  mM. 

Figure  6  shows  a  representative  excitation  and  emission 
spectra  of  the  stabilized  CdS  nanoparticles  obtained  at  two 
different  densities  of  scCOj.  A  red  shift  of  14  nm  (from  349 


to  363  nm)  together  with  an  increment  in  the  Full  Width  at 
Half  Maximum  (FWHM)  from  48  to  63  nm,  was  observed  in 
the  excitation  spectra  when  the  density  of  the  solvent  de¬ 
creased  from  0.92  to  0.87  gmL"1  (W  =  10  F-AOT  concentra¬ 
tion  10  mM).  This  is  related  to  the  observed  increment  in  the 
average  size  of  the  CdS  particles  from  4.7  ±0.7  to  6.0  ± 
0.9  nm,  when  the  synthesis  of  the  materials  is  carried  out  at 
lower  fluid  densities.  The  emission  spectra  are  associated  to 
the  emission  of  the  surface  defects,  such  as  electron-hole 
pair  recombination  of  surface  trap  states., 132,331  Yet  again,  a 
red  shift  in  the  fluorescence  wavelength  from  440  to  498  nm 
was  observed  when  the  size  of  the  CdS  nanoparticlcs  in¬ 
creased  in  the  range  described  above. 


wavelength  /  nm 

Figure  6.  Excitation  and  emission  spectra  of  CdS  nanoparticles  obtained 
at  tWb  different  fluid  densities,  a):  Spectra  of  4.7  nm  CdS  nanoparticles 
obtained  at  a  supercritical  COj- density  of  0.92  gmL-1;  b)  spectra  of 
6.0  nm  CdS  nanoparticles  obtained  at  a  supercritical  C02  density  of 
0,87  gmL'1.  .**$&*%& 

The  variation  of  the  size  of  ZnS  nanoparticles  with  the 
fluid  density  was  studied  by  performing  experiments  in  a 
similar  way  to  that  of  the  CdS  nanoparticles.  Figure  7  shows 
a  plot  of  the  variation  of  ZnS  nanoparticles  with  the  density 
of  scCOj  for  two  different  W  values.  For  W  value  of  10  (Fig¬ 
ure  7a),  the  size  of  the  nanoparticles  decreased  from  9±  1  to 
1.9 ±0.3  nm  when  the  density  of  the  solvent  increased  from 
0.86  to  0.99  gmL"1.  The  slope  of  the  trend  line  was 
-0.053  nm  per  (mgmL-1).  When  W  =  6  was  used  in  the 
preparation  of  the  microemulsions,  the  size  of  the  ZnS  parti¬ 
cles  synthesized  decreased  from  7±1  to  1.5 ±0.2  nm  with  a 
slope  of  -0.042  nm  per  (mgmL"1),  as  shown  in  Figure  7b. 
The  increment  in  the  average  size  of  the  nanoparticles  with 
the  size  of  the  micelles  (W  value)  in  scC02  microemulsions 
is  known  in  the  literature,134,35'  and  it  was  described  previ¬ 
ously  for  CdS  nanoparticles. 

When  the  surfactant  concentration  was  doubled  from  10 
to  20  mM,  the  size  of  the  ZnS  particles  showed  a  partially 
different  behavior  to  the  one  observed  for  the  CdS  nanopar¬ 
ticles.  In  both  conditions,  the  size  of  the  nanoparticles  de¬ 
creased  with  an  increment  in  the  fluid  density  with  a  slope 
of  -0.044  nm  per  (mgmL"1)  for  the  case  of  F-AOT  concen¬ 
tration  of  20  mM  and  similar  to  the  one  observed  for  a  sur¬ 
factant  concentration  of  10  mM  (-0.053  nm  per  (mgmL"1). 
Figure  8  shows  this  behavior,  where  one  of  the  plots  (Fig- 
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Figure  7.  Influence  of  COj  density  on  the  average  size  and  size  distribu¬ 
tion  of  ZnS  nanopartides,  [F-AOT]  =  10  mu,  a)  W=  10;  b)  W  =  6. 


density a  mi.*’ 

Figure  8.  Influence  of  CO-  density  on  the  average  size  and  size  distribu¬ 
tion  of  ZnS  nanopartides,  W-  10.  a)  [F-AOT]  =  20rnM;  b)  [F-AOT]  = 
10  mu. 

urc  8b)  was  already  shown  on  Figure  7.  It  seems  that,  in  con¬ 
trast  to  what  we  observed  for  CdS  nanopartides,  the  size  of 
the  nanoparticles  might  be  independent  of  the  surfactant 
concentration,  mainly  at  lower  solvent  densities.  It  is  irnpOr- 
tant  to  mention  that  Natarajan  et  at.,13^  by  means  of  a  mod¬ 
eling  approach,  found  that  the  size  of  the  nanopartides  was 
unaffected  by  changing  the  surfactant  concentration,  keep¬ 
ing  constant  the  W  value.  He:predicteiljthat  by  keeping  the 
W  value  constant,  while  increasing  or  decreasing  propor¬ 
tionally  the  water  and  surfariant  concentration,  the  aqueous 
core  volume  would  remain  constant.  Therefore,  according  to 
his  study,  the  size  and  size  distribution  of  the  nanopartides 
should  be  unaffected.  This  group  cited  the  experimental 
case  of  silver  nanopartides  synthesized  in  water-in-oil  mi¬ 
croemulsions,  where  an  increment  in  the  surfactant  concen¬ 
tration  (keeping  constant  the  rest  of  the  parameters,  includ¬ 
ing  the  W  value)  produced  an  increase  in  the  number  of  par¬ 
ticles  formed  without  any  changes  in  the  average  size.  Con¬ 
sequently,  the  influence  of  the  surfactant  concentration  on 
the  final  nanoparticle  size  seems  to  depend  on  the  nanopar¬ 
ticle  nature,  and  solvent  and  may  raise  a  question  whether 
the  collision  frequency  plays  a  role  in  the  final  particle  size 
at  all. 

We  performed  some  experiments  using  different  pres¬ 
sure-temperature  combinations  with  similar  density  values. 
For  these  experiments,  the  average  sizes  of  the  ZnS  nano- 
crystals  obtained  were  statistically  equivalent,  demonstrating 


as  in  the  case  of  CdS  nanopartides,  that  a  variation  in  the 
temperature  or  in  the  pressure  of  these  water-in-C02  micro¬ 
emulsion  systems  (within  the  ranges  studied  here)  may 
affect  the  final  nanoparticle’s  size  due  mainly  to  a  variation 
in  the  density  of  the  solvent.  On  Figure  9,  the  excitation  and 
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Figure  9.  Excitation: &ud  emission  spectra  of  ZnS  nanoparticles  obtained 
at  two  dJffer^:ot:..fiuiid::.i^<£EU»liesLV:^^:^Pectra  of  2.0  nm  ZnS  nanopartides 
obtained  at  a  VupercritifciaF  GOj  density  of  0.99  gmL-1;  b)  spectra  of 
6.7  nrti  CdS  nanopartides  obtained  at  a  supercritical  C02  density  of 
0.89  g 

emission  spectra  of  the  stabilized  ZnS  nanopartides  ob¬ 
tained  at  two  different  densities  of  carbon  dioxide  are 
shown.  A  red  shift  of  23  nm  (from  263  to  286  nm)  and  an  in¬ 
crement  in  the  FW11M  from  22  to  30  nm,  are  observed  in 
the  excitation  spectra  when  the  density  of  the  solvent  de¬ 
creased  from  0.99  td  0.89  g ml."1.  These  results  are  in  agree¬ 
ment  with  ad'  increment  in  the  average  size  of  the  ZnS  parti¬ 
cles  from  2.0  ±  0.3  to  6.7±0.9nm,  when  the  synthesis  of  the 
materials  is  carried  out  at  lower  fluid  densities.  Similarly  to 
what  we  observed  for  CdS  nanopartides,  the  emission  spec¬ 
tra  of  ZnS  nanopartides  appear  to  be  due  to  the  surface  de¬ 
fects,137- 381  with  a  red  shift  in  the  fluorescence  wavelength 
from  340  to  373  nm  when  the  size  of  the  ZnS  nanopartides 
increased.  Fiuorinated-thiol  seems  not  to  be  effective  for 
passivation  of  the  surface  defects  on  CdS  and  ZnS  nanopar- 
licles. 

The  reaction  time  is  another  factor  that  may  influence  the 
size  of  the  CdS  and  ZnS  nanopartides  synthesized  by  the 
C02-microemulsion  method.  In  the  case  of  the  synthesis  of 
CdS  nanopartides  we  decided  to  discontinue  the  reaction 
after  six  minutes  to  avoid  further  aggregation  as  indicated 
by  our  spectroscopic  observation  (through  a  red  shift  and  a 
decrease  in  the  surface  piasmon  absorption  peak)  when  the 
reaction  time  was  extended  (see  Experimental  Section  for 
details).  By  increasing  the  reaction  time  to  90  minutes,  the 
average  size  of  the  CdS  nanopartides  (obtained  by  analysis 
of  the  TEM  data)  increased  from  7.0  ±0.9  to  12±2nm 
when  scC02  at  220  atm  and  40  °C  was  employed  ([FAOT]  = 
10  mM,  W  =  10).  Tbning  of  CdS  nanopartides  by  density  var¬ 
iation  appears  to  work  well  at  short  reaction  times  where 
the  exchange-channel  mechanism  and  the  micellar-templat- 
ing  effect  dominate.  For  very  long  reaction  times,  as  the 
nanopartides  grow  larger,  the  surfactant  might  act  as  a  dis- 
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persant  ligand1'81  and  sterically  stabilizes  the  nanoparticles 
without  involving  the  microemulsion.  Conversely,  in  the 
case  of  ZnS  nanoparticles,  the  reaction  time  seems  not  to 
affect  the  final  particle  size.  When  the  reaction  time  was  ex¬ 
tended  from  16  to  90  minutes,  the  size  of  the  nanoparticles 
remained  statistically  unchanged.  This  result  is  in  agreement 
with  the  spectroscopic  study  performed  during  the  synthesis 
of  ZnS  nanoparticles,  showing  an  increment  in  the  absorp¬ 
tion  maximum  (at  280  nm)  in  the  first  16  minutes  and  re¬ 
maining  constant  afterwards  for  at  least  120  minutes.  The 
reason  for  this  behaviour  is  uncertain  but  might  be  related 
to  a  different  mechanism  of  formation  of  the  nanoparticles 
and/or  to  a  better  stabilization  of  the  ZnS  nanoparticles  by 
the  micelle  system  (once  they  reach  the  final  size)  against 
further  aggregation. 

Conclusion 

In  summary,  we  have  shown  that  the  size  of  CdS  and  ZnS 
nanoparticles  synthesized  by  the  scC02  microemulsion-tem- 
plating  method  can  be  continuously  tuned  by  density  varia¬ 
tion  of  the  fluid  phase,  in  a  similar  fashion  as  we  demon¬ 
strated  previously  for  Ag  nanoparticles.1'91  This  approach 
gave  consistent  results  in  both  nanomaterials  for  two  differ¬ 
ent  W  values  and  for  two  different  concentrations  of  surfac¬ 
tant  tested.  For  the  case  of  ZnS  nanoparticles,  the  variation 
in  the  size  of  the  nanoparticles  with  the  density  of  the  sol¬ 
vent  (which  follows  a  linear  relationship)  may  not  depend 
on  the  stage  of  the  synthetic  process  at  which  the  nanoparti- 
cles  are  stabilized.  On  the  other  hand,  the  time  at  which  the 
stabilization  of  CdS  nanoparticles  takes  place  seems  to  tie 
crucial  to  avoid  further  aggregation.  Other  parameters  like 
the  nature  of  the  nanoparticles  and  the  solvent  may  affect 

as  well- 

Ibis  study,  together  with  the  one  reported  for  silver  nano- 
particles,1191  have  shown,  that  water-in-supercritical  CO:  mi¬ 
croemulsions  seem  to  be  effective  systems  for  the  tunable- 
size  synthesis  of  a  diversity  of  nanomaterials  by  varying  the 
density  of  the  fluid.  ,.  v'  ... ' 


Experimental  Section 

The  surfactant  used  in  this  study,  sodium  bis(2,2,3,3,4,4,5,5-octafluoro-l- 
pentyl)'2-su!fosucc}hal«  :(F^AC>'t'X  wai  prepared  in  our  lab  following  the 
procedure  by  Lifrand  Erkeyl39*:witly:'$ome  modification.  Cadmium  nitrate 
(Cd(N03)2),  was  obtained  from.;  Aid  rich  with  purity  99,999%,  zinc  nitrate 
(Zn(N03)2)  was  obtained  form  Fisher  Scientific  with  a  purity  of  99.1%, 
while  sodium  sulfide  (Na2S  >99.8%)  was  obtained  from  Aldrich.  The 
stabilizer  or  protecting  agent,  1/7,1  //,2//,2//-perfluorodecanethiol  (F- 
thiol)  97%  was  purchased  from  Aldrich. 

The  liquid  C02  was  inetered  with  an  ISCO  syringe  pump  (model  260  D) 
and  pump  controller  (series  D)  and  introduced  to  the  high-pressure  reac¬ 
tors  via  stainless  steel  tubing  (5/J6  inch  o.d.,  0.03  inch  i.d.).  The  high-pres¬ 
sure  vessels  were  heated  with  a  thermal  block  and  the  temperature  was 
kept  constant  at  ±0.1  °C  and  controlled  with  a  J-type  sensor  and  an 
Omega  digital  controller.  Three  homemade  high-pressure  vessels  were 
utilized.  One  vessel  (18.5  mL  volume)  was  equipped  with  a  fiber-optic 


system  (3  mm  path  length)  and  connected  to  a  CCD  array  UV-VIS  spec¬ 
trometer  (Spectral  Instruments  model  SI-440,  Thcson,  AZ).’*0’  The  spec¬ 
trometer  is  capable  of  recording  a  full  spectrum  from  240  to  900  nm  in 
2  s.  It  can  also  measure  the  change  in  absorbance  with  time  at  a  fixed 
specific  wavelength.  The  second  vessel  was  a  17  mL  high-pressure  view 
cell  with  sapphire  windows.  The  last  one  was  a  17.5  mL  vessel  with  a 
movable  piston.  The  high-pressure  vessels  were  connected  to  each  other 
via  Vis  in  stainless  steel  tubing.  Each  system  was  isolated  from  the  others 
by  HIP  high-pressure  valves. 

The  cloud  points  for  the  microemulsion  containing  the  Cd2+  ions,  Zn2+ 
ions  and  the  CdS  and  ZnS  nanoparticles  were  studied  using  a  view-cell 
connected  to  a  piston  (both  immersed  in  a  thermal  bath)  and  by  visual 
observation  of  the  phase  behavior  At  40  °C,  a  W  (water  to  surfactant 
ratio)  value  of  10,  and  a  surfadtifit  concentration  of  10  mM,  the  cloud 
point  of  a  Cd2+  ion  (Aqueous  concentration  0.3  m)  microemulsion  was 
found  to  be  145  ±2  atm.  Injthe  case  ofcZfPt  (Aqueous  concentration 
0.3  m)  the  cloud  point  $$  under:1i8i|qtical  conditions.  Above 

these  pressures  at  40 the  ttdtrtiernulsion  is  stable  and  is  optically 
transparent  The  clqiid  point  boundatylis  approximately  linear  in  a  pres¬ 
sure  versus  temperature  plot  with  a  sTbp&ibf  3.63  atm°C_1  for  the  case  of 
Cd2+  microemulsidds,  and  with  a  ^tppe  of  2.50  atm  °C-1  for  the  case  of 
Zn2+  microefiiiplsiqriii  Our  experiqlietits  were  performed  above  the  cloud 
point  pressure  to  the  litnit.of  bttr  High  pressure  system  which  is  about 
450  atm.  The  vatwtiori  in  djchstty  of  scC02  at  different  temperature  and 
pressure  is  knowtt;^1 

The  semiconductor  nanoparticles  were  synthesized  by  mixing  two  water- 
in-supercritical  CCk  (scCOz)  microemulsions,  one  containing  a  cadmium 
nitrate  Ablution  or  zinc  nitrate  solution  (0.3  m)  and  the  other  containing 
an  aqueous  solution  of  sodium  sulfide  (0.6  m).  The  microemulsion  con¬ 
taining  the  sulfur  ion  was  pushed  into  the  metal  ions’  microemulsion 
using  the  piston  cell.  Formation  of  Ute  CdS  and  ZnS  nanoparticles  after 
the  mixing  was  monitored  spectroscopically,  using  the  optical  fiber  cell, 
by  taking  the  absorption  spectra  in  situ  every  two  seconds.  A  blank  mea¬ 
surement  was  taken  before  the  reaction  to  provide  a  spectroscopic  base¬ 
line,  using  a  water-in-scCd* imietoemulsion  containing  deionized  water. 

,  .T£lic  characteristic  ^'absorption  peak  due  to  the  quantum  confinement 
:  properties  of  Cd£  natiopartfcles  (A»330nm)  was  found  to  increase  to  a 
maximum  at  about  $  min  after  the  mixing,  and  started  to  decrease  gradu¬ 
ally  in  intensity  and  reached  a  plateau  in  about  125  minutes  A  red  shift 
of  33  nm  (336  to  363  nm)  of  the  absorption  peak  wavelength,  when  going 
from  6  to  9Q  rain  of  reaction  time  was  noticed.  This,  together  with  the  de¬ 
crease  he  peak  intensity,  should  indicate  that  the  concentration  of  the 
uanoparticles  reaches  a  maximum  in  the  first  6  min  and  it  is  followed  by 
a  decrease  in  their  concentration,  probably  attributable  to  aggregation.1*2’ 
In  the  case  of  ZnS  nanoparticle  synthesis,  the  characteristic  absorption 
peak  appeared  at  280  nm  and  it  was  found  to  increase  and  reach  a  pla¬ 
teau  after  16  min.  At  that  point  of  the  reaction  the  peak  intensity  was 
constant  (remaining  in  that  way  for  more  than  120  min).  It  seems  that, 
unlike  the  CdS  nanoparticles  ZnS  nanoparticles  do  not  experience  fur¬ 
ther  aggregation  after  they  reach  the  final  size. 

In  the  case  of  CdS  nanoparticle  synthesis  the  F-thiol  stabilizer 
(l//,l//,2/f,2//-perfluorodecanethiol)  was  introduced  to  the  system,  via  a 
six-port  injector  valve,  at  exactly  6  min  after  the  mixing;  while  in  the  case 
of  ZnS  nanoparticle  synthesis  the  stabilizer  was  added  after  the  first 
16  min.  TTie  F-thiol-stabilized  CdS  or  ZnS  nanoparticles  were  collected  in 
an  acetone  solution  after  depressurizing  the  system  for  TEM  measure¬ 
ments.  The  protected  semiconductor  nanoparticles  are  stable  in  acetone 
or  ethanol  for  several  days  and  the  unprotected  CdS  and  ZnS  nanoparti¬ 
cles  in  either  solvent  would  precipitate  after  approximately  15  min.  TEM 
images  were  obtained  with  a  JEOL  1200  EX  II  transmission  electron  mi¬ 
croscope  at  an  accelerating  voltage  of  120  kV.  EDS  analysis  was  carried 
out  with  a  LEO  Supra  35  VP  Field  Emission  Scanning  Electron  Micro¬ 
scope  (FESEM).  EDS  analysis  of  the  stabilized  nanoparticles  showed 
only  cadmium  or  zinc,  carbon,  oxygen,  fluorine,  sulfur  and  sodium  in  the 
samples.  The  last  one  may  be  coming  originally  from  the  sodium  sulfide 
precursor.  The  average  size  of  the  nanoparticles  was  obtained  from  the 
TEM  micrographs  by  counting  at  least  300  particles  using  interactive 
imaging  software  (Matrox  Inspector)  from  Matrox  Electronic  Systems 
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(Dorval,  Quebec,  Canada).  An  important  feature  of  this  software  is  that 
it  can  measure  a  large  number  of  particles  without  bias  or  human  error. 
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Continuous  Tuning  of  Cadmium  Sul¬ 
fide  and  Zinc  Sulfide  Nanoparticle 
Size  in  a  Water-in-Supercritical  Carbon 
Dioxide  Microemulsion 


density  ig  ml-' 


Simply  supercritical:  The  supercritical 
C02  microemulsion  method  represents 
a  simple  approach  to  use  a  density-tun- 
able  solvent  for  synthesizing  size-con¬ 
trolled  semiconductor  nanoparticles 
over  a  broad  range  of  values.  The 
influence  of  C02  density  on  the  aver¬ 
age  size  and  size  distribution  of,  for 
example,  CdS  nanoparticles  is  shown. 
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Deposition  of  Metal  Nanoparticles  on 
Carbon  Nanotubes  via  Hexane  Modified 
Water-in-C02  Microemulsion  at  Room  Temperature 

Joanna  Shaofen  Wang,  Horng-Bin  Pan,  and  Chien  M.  Wai* 

Department  of  Chemistry,  University  of  Idaho,  Moscow,  Idaho  83844,  USA 

Carbon  nanotube-supported  metallic  nanoparticles  (Pd,  Rh,  and  bimetallic  Pd-Rh)  with  diameters  in 
the  range  2-10  nm  can  be  synthesized  by  hydrogen  reduction  of  metal  ions  dissolved  in  the  water 
core  of  a  COz  microemulsion  in  liquid  C02  at  room  temperature.  The  microemulsion  is  stabilized  by 
sodium  b/s(2-ethylhexyl)sulfosuccinate  (AOT)  and  dissolved  in  liquid  C02  with  the  aid  of  hexane  as 
a  modifier.  The  metal  nanoparticles  synthesized  in  the  microemulsion  can  be  deposited  on  surfaces 
of  multi-walled  carbon  nanotubes  (MWCNTs)  by  stirring  in  the  liquid  C02  phase.  This  simple  method 
produces  uniformly  distributed  metal  nanoparticles  on  surfaces  of  the  MWCNTs  with  high  yields. 

The  carbon  nanotube-supported  Pd/Rh  bimetallic  nanoparticles  exhibit  high  catalytic  activities  for 
hydrogenation  of  aromatic  compounds  and  can  be  reused  without  losing  catalytic  activity. 

Keywords:  Deposition,  Metal  Nanoparticles,  Carbon  Nanolubes,  Liquid  C02,  Waler-iri-C02 
Microemulsion. 


1.  INTRODUCTION 

Direct  deposition  of  metals  on  multi-walled  carbon  nano- 
tubes  (MWCNTs)  using  supercritical  carbon  dioxide 
(ScCOj)  as  a  medium  has  been  shown  to  result  in  uni- 
lormly  dispersed  metal  nanoparticles  on  CNT  surfaces. 15 
CNT-supporlcd  metal  nanoparticles  often  exhibit  high  cat¬ 
alytic  activities  for  a  number  of  chemical  and  electrochem¬ 
ical  reactions  which  arc  significant  for  chemical  synthesis 
and  for  low  temperature  fuel  cell  applications.4'0  The 
ScCO,  deposition  process  typically  involves  hydrogen 
reduction  of  CO,-solublc  metal  precursors  such  as  mclal- 
/3-diketonaies  at  intxlerately  high  temperatures  in  the 
presence  of  MWCNTs.  For  instance,  hydrogen  reduction 
of  palladium  (ll)-hexufluoroaceiylacctonale,  Pd(hfa)2,  in 
ScCO,  requires  HO  °C  to  form  Pd  nanoparticles  on  surfaces 
ol  MWCNTs.1  Reduction  of  Rh(acac),,  Pl(acae),,  and 
Ru(acac),  (acae,  acetylaeetonatc)  by  hydrogen  in  ScCO, 
requires  even  higher  temperatures,  around  250  aC.  in 
order  to  deposit  these  metal  nanoparticles  on  surfaces  of 
MWCNTs.1  ’  In  addition  to  the  temperature  require¬ 
ment,  availability  of  CO, -soluble  precursors  for  the  direct 
ScCO,  deposition  method  may  also  be  a  problem  for  some 
metals.  We  have  recently  developed  a  method  which  uses 
common  inorganic  metal  salts  as  precursors  dissolved  in  a 


‘Atilhor  lo  whom  correspondence  should  he  addressed. 


water-in-CO,  microcmulsion  for  making  metal  nanoparli- 
cles  followed  by  their  deposition  on  carbon  nanolubes  in 
liquid  CO,.  According  to  our  study,  hydrogen  reduction 
of  metal  ions  and  formation  of  metal  nanoparticles  in  the 
water  core  of  the  microcmulsion  can  be  accomplished  in 
liquid  CO,  at  room  temperature.  When  the  microcmulsion 
solution  containing  metal  nanoparticles  is  in  contact  with 
the  CNTs  by  stirring,  metal  nanoparticles  can  be  deposited 
homogeneously  on  the  surfaces  of  the  nanotubes.  The  yield 
of  metal  nanoparticles  deposited  on  the  CNT  surfaces  is 
generally  high,  and  about  70%  of  the  metal  ions  dissolved 
in  the  microcmulsion  could  end  up  as  metal  nanoparticles 
on  the  CNT  surfaces.  The  synthesized  metal-CNT  samples 
were  washed  with  methanol  and  sonicated  several  times 
to  remove  the  metal  particles  that  were  not  attached  or 
not  strongly  adhered  to  the  CNT  surfaces  before  charac¬ 
terization.  Approximately  HY/<  of  the  initial  metal  ions 
could  be  deposited  as  metal  nanoparticles  on  the  CNT. sur¬ 
faces  according  to  our  chemical  analysis  of  the  washed 
samples.  Bimetallic  nanoparticles  can  also  he  deposited  on 
CNT  surfaces  using  this  method  by  starling  with  a  mix¬ 
ture  of  two  different  metal  salts  in  (lie  water  core  of  the 
microcmulsion.  Our  procedures  of  synthesizing  single  Pd 
and  Rh  nanoparticles  and  binary  Pd/Rh  nanoparticles  in 
liquid  CO,  arc  given  in  this  paper.  Some  results  of  hydro¬ 
genation  reactions  with  aromatic  compounds  catalyzed  by 
the  MWCNT-supported  metal  nanoparticles  are  also  given 
to  illustrate  their  high  activities. 
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2.  EXPERIMENTAL  PROCEDURES 

The  imciocmulsioii  was  prepared  in  hexane  using  an  aque¬ 
ous  soluiion  containing  desired  metal  ions  and  sodium 
l>is(2  cthylhcxvl isultosuecinatc  (AC)T)  as  a  snrlaclanl. 
Using  hexane  as  a  co-solvent.  Ihe  AOT  mierocmulsion 
becomes  soluble  in  liquid  CO,.  The  amount  of  hexane 
used  in  our  procedure  was  around  K.5-10%  hv  volume 
in  liquid  CO,.  This  amount  of  hexane  forms  one  phase 
wiili  liquid  CO,  at  room  temperature.  The  stability  of  the 
AOT  microeumlsion  in  liquid  CO,  with  different  amounts 
of  hexane  was  investigated  using  a  20  mL  high-pressure 
view-cell  with  quart/  windows.  A  typical  procedure  started 
with  54  gtl.ol  0  I  M  NaJ’dCI,.  153  mg  of  AOT  (15  niM. 
W  -  |ll,()|/|AOT|  10).  and  2  ml.  (10%  of  cell  vol¬ 

ume)  uf  hexane  placed  in  the  view-cell.  A  magnetic  stirrer 
was  used  to  mix  the  solution  to  form  AOT  microcmul- 
sion  at  room  temperature.  Liquid  CO,  was  introduced  into 
the  view-cell  with  coiiiinuotis  stirring  for  1  hour  for  each 
pressure  to  dissolve  llic  hexane  solution  containing  the 
AOT  microetnulsion  The  mierocmulsion  became  optically 
Iransptircnl  til  160  aim  or  higher  pressures  with  It )%  of 
hexane  in  liquid  CO,.  We  chose  200  aim  as  the  pressure 
for  synthesizing  metal  nanopartieles  in  this  melllod. 

For  hydrogen  reduction  of  metal  ions,  a  reservoir  com¬ 
posed  of  12  aim  of  H  ,  in  1X0  atm  of  CO,  was  introduced 
into  the  high  pressure  view  cell  placed  with  a  hexane  solu¬ 
tion  containing  an  A(  )T  mierocmulsion  with  a  known  metal 
inn  coiicciiii aiiou  The  linal  pressure  of  die  system  was 
charged  to  200  atm  by  adding  CO,  from  an  ISCO  pump. 
The  system  at  that  pressure  was  agitated  with  a  magnetic 
stirrer  for  an  hour  Alter  investigation  of  phase  behavior 
and  stability  of  water- m-CO,  mierocmulsion.  experiments 
were  then  performed  with  a  stainless-steel  reaction  cell 
with  a  volume  of  35.3  ml,. 

To  make  CNT  supported  Pd  nanopartieles,  98  (iL  of' 
0.1  M  Na,PdCl,  at  IV  =  |H,0|/|AOT)  =  10,  234  mg  of 
AOT  ( 15  mM),  3.0  ml.  of  hexane,  and  3~5  mg  of  treated 
MWCNTs  weie  placed  in  a  mini  glass  beaker  and  a  mug- 
netic  stirrer  was  used  to  agitate  this  waler-in-oil  microeniul- 
sion  for  20  min.  Alter  that,  the  beaker  was  loaded  into 
the  35.3  mL  stainless-steel  reactor.  This  was  followed  by 
die  hydrogen  reduction  process  described  in  die  previous 
paragraph.  Micmeinulsioiis  at  this  stage  cun  be  formed 
when  MWCNTs  are  mixed  with  metal  ion  solution.  AOT. 
and  hexane  according  to  our  visual  observation  of  a  black¬ 
ish  transparent  phase  without  liquid  droplets  using  a  high- 
pressure  view  cell. 

Hexane  selves  two  purposes  in  the  CNT-supporled  inela! 
nanopartieles  synthesis.  First,  it  is  used  us  a  co-solvent 
for  dissolution  of  the  AOT  mierocmulsion  in  liquid  CO,. 
Alkane  with  a  medium  chain  length,  such  us  hexane,  is 
known  to  increase  the  solubility  of  AOT  and  assist  sur¬ 
factant  aggregation  in  supercritical  CO,.  Second,  hexane 
is  used  as  a  solvent  to  collect  the  CNT-supporled  metal 
nanopartieles  synthesized  in  the  system  As  tile  pressure 
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ol  the  system  is  reduced,  a  single  reversed  micellar  phase 
becomes  unstable  and  two  phases  are  formed  consisting 
of  an  AOT-hexane-ricIi  liquid  phase  and  a  predominant 
CO,  upper  phase  The  nanopartieles  attached  CNT  etui 
be  retained  by  AOT-hcxaiic-nch  liquid  phase  on  ihe  bol- 
tom.  This  makes  the  recovery  of  ihe  ( 'NT-supported  metal 
nanopariicle  products  easy  to  accomplish.  Without  a  liquid 
solvent,  the  CNTs  would  be  dispersed  on  the  walls  of  the 
reaction  system  that  is  difficult  lo  recover  quantitatively. 
Our  choice  of  X.5- 10%  of  hexane  (ol  cell  volume)  in  liquid 
CO,  for  the  synthetic  process  was  based  on  the  fact  that 
this  amount  of  hexane  would  accomplish  hoili  purposes. 

To  make  CNT  supported  bimetallic  IM/Kli  nanopartieles, 
49  ij. L  of  0.1  M  Na,PdCI|  and  49  /i\.  of  0.1  M  RliCI,  at 
W  =  [H,0|/|  AOT|  -  10.  234  mg  of  AOT  (15  itiM),  3  ml, 
of  hexane,  and  3—5  mg  of  treated  MWCNTs  were  added 
lo  a  mini  glass  beaker  and  loaded  into  the  35.3  ml.  volume 
stainless-steel  reactor.  The  hydrogen  reduction  process  is 
identical  to  (hat  described  previously  for  the  single  metal 
nanopartieles  synthesis. 

The.  MWCNTs  (Nanol.ab.  Inc.,  Newton,  MA)  were 
functionalized  before  metal  deposition  us  described  in 
the  literature.1  2  Transmission  electron  microscopy  (TMM) 
images  of  the  decorated  CNT  were  taken  using  a  Jcol 
TF.M  1200  microscope  equipped  wiili  an  Oxford  ISIS  sys¬ 
tem.  To  obtain  TF-M  images,  the  as-synthesized  nanoparti¬ 
cles  were  dispersed  in  ethanol  under  sonieation  for  1  min 
and  were  then  deposited  on  a  carbon  coated  copper  grid. 
X-ray  photoeleetron  spectroscopy  (XPS)  analysis  was  per¬ 
formed  using  a  Krutus  AXIS  165  multi-technique  electron 
spectrometer  to  confirm  the  presence  of  metal  nanopar¬ 
ticles.  X-ray  diffraction  (XRD)  patterns  were  obtained 
using  a  Siemens  135000.  Energy  dispersive  X -ray  spec¬ 
troscopy  (LOS)  was  performed  using  LEO  SUPRA  35  VP 
(FF.SF.M).  A  300  MHz  NMR  (Bruker  AMX  300)  was  usctl 
for  identification  of  products  from  hydrogenation  reactions 
catalyzed  by  the  CNT-supporled  nanopariicle  catalysts. 

3.  RESULTS  AND  DISCUSSION 

The  stabilities  of  watcr-in-liquid  CO,  niicrocmulsions  at 
different  pressures  have  been  reported  by  several  research 
groups  11  15  The  surfactants  used  in  the  previous  studies 
are  typically  Humiliated  ones  which  are  soluble  in  liquid 
or  supercritical  CO,.  However,  (luoriiiatcd  surfactants  are 
often  expensive,  difficult  to  obtain,  and  sometimes  toxic. 
One  of  the  common  surfactants  widely  used  in  Ihe  forma¬ 
tion  of  wulcr-in-oil  inicroemulsions  is  the  anionic  surfac¬ 
tant  sodium  />/.v(2-eihylliexyl)sulfo.suecinalc  (AOT),  which 
unfortunately  is  not  soluble  in  CO,.  Because  of  high  cost 
and  potential  toxicity  ol  lluoiinated  surfactants,  approaches 
for  stabilizing  waler-in-CC ),  miemenuilsions  using  co- 
surfaclams  or  co-solvents  have  been  developed.1''  V)  The 
binary  hexane-CO,  phase  behavior  has  been  studied 
previously.2'*"”  Our  experiments  indicate  that  with  Itcxanc 
with  8.5-10%  by  volume  of  CO,  in  liquid  CO,  at  pressures 
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>  160  atm,  (lie  AOI  niicinemulsion  with  a  W  value  around 
10  is  stable  lor  metal  nanoparlielo  synthesis  al  room  tem¬ 
perature.  The  synthesized  nanopariieles  can  he  transferred 
to  the  surfaces  of  ('NTs  by  rigorous  mixing.  Upon  slow 
depressurization  of  the  system,  the  CNT-supporied  metal 
nanopariieles  would  remain  in  the  separated  hexane  phase 
and  could  lx:  easily  collected  for  further  cleaning,  charac¬ 
terization,  and  applications. 

Direct  hydrogenation  ol  the  Pd ’ y  containing  microcmul- 
sion  in  hexane  with  5  mg  of  ('NT  and  3  niL  of  hexane 
would  result  in  large  Pd  clusters  not  uniformly  distributed 
on  the  CNT  surfaces.  If  a  smaller  CNT  to  hexane  ratio 
was  used  (e.g.,  5  mg  CNT  in  50  niL  of  hexane),  then  uni¬ 
formly  distributed  Pi  I  nanoparticles  could  he  formed  using 
the  watcr-in-hcxaiic  iiiicroemulsion  method  One  function 
of  the  liquid  CO,  in  our  methixl  is  to  replace  the  large 
amount  of  hexane  required  for  dispersion  and  deposition 
of  Pd  nanopariieles  on  the  CNT  surfaces. 

Typical  TFM  images  of  the  Pd.  Rh.  and  Pd/Rh  nanopar 
tides  synthesized  using  water- in-CO>  microemulsions  in 
hexane  modified  liquid  (X )-,  are  present  in  Figure  I.  Figures 
In.  IH,  and  Ic  are  Pci .  Rh  (monometallic)  and  Pd/Rh  (bime¬ 
tallic)  nanopariieles,  respectively.  As  expected,  character¬ 
istic  spherical  I’d,  Rh.  and  Pd/Rh  nanopariieles  with 
narrow  size  distributions  arc  observed.  The  little  spherical 
dark  spots  which  represent  the  Pd,  Rlt,  or  Pd/Rh  nanopar- 
tieles  are  elosely  attached  to  the  CNT  surfaces.  The 
nanopariieles  have  a  size  distribution  range  of  approximate 
2-10  nm.  Particle  size  and  size  distribution  arc  probably 


controlled  by  both  the  U  value  l|U.O|/|  At  H  j)  of  the 
microcniulsion  anil  the  -an law  eiirsaluic  of  the  carbon 
nanntuhes.  Using  out  method,  the  particle  size  range  is 
similar  to  those  reported  icceniK  using  a  water-ill-oil 
microcniulsion  for  depositing  metal  nanopariieles  on  car¬ 
bon  nanotubes Without  ihe  microcinulsion.  reduction 
of  a  metal  salt  solution  in  a  solvent  such  as  methanol 
dissolved  in  liquid  ('(),  would  result  in  large  metal  clus¬ 
ters.  For  example,  when  l)X  /j I  of  0  I  M  NaJMCI,  solu¬ 
tion  in  0.5  ml.  methanol  plus  the  (  NTs  were  placed  in  the 
reaction  cell  with  12  atm  ol  II,  and  a  total  pressure  (H, -f 
CO>)  =200  atm.  the  resulting  I’d  panicles  on  the  l.’NT  sur 
face  are  shown  in  Figure  Id  Without  the  microcinulsion, 
the  dispersion  of  metal  ions  in  condensed  CO,  phase  is 
probably  unattainable  and  die  size  of  die.  resulting  metal 
particles  is  uncontrollable 

The  curvature  of  the  carbon  nanotubes  is  considered  a 
controlling  factor  for  attachment  of  a  certain  range  of  metal 
nanopariieles  to  the  nanotube  surfaces  using  a  direct  super¬ 
critical  fluid  deposition  method  1  ’  l.arger  particles  proba¬ 
bly  would  fall  off  from  the  nanoluhe  surfaces  during  the 
deposition  process  (or  MWCNTs  with  smaller  diameters. 

Two  possible  mechanisms  aic  ptohahly  responsible  for 
the  formation  of  metal  mumparticlcs  on  (  NT  surfaces 
using  the  CO,  microcinulsion  method.  In  the  first  mech¬ 
anism,  tlic  reduced  metal  atoms  aggravate  m  the  water 
core  of  the  microcinulsion  forming  nanopariieles  in  the 
fluid  phase.  In  the  second  mechanism,  collisions  helween 
the  microemulsions  would  alter  die  metal  nanoparticle  size 


Kig.  I.  TKM  intakes  of  metallic  nanopart  iclcs  deposited  on  MWCNTs  using  the  microcniulsion  method,  a:  Pd.  h:  Rh.  c.  IM/Rlu  d:  NaJMCI,  in 
CH^OII  with  CNTs  and  II . /CO.  without  miurocmulsion 
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through  exchange.  nl  materials  during  collision.  The  metal 
nanoparl  ieles  cotilil  he  stahli/ed  hy  adhesion  to  the  ('NT 
surfaces.  If  the  si/e  of  the  metal  nan  opart  ieles  is  too  large 
for  attachment  to  the  C'NT  sin  face,  these  nanoparticles 
would  fall  off  due  to  the  curvature  limitation  The  variation 
in  particle  size  distribution  ol  the  metal  particles  observed 
on  CNT  surfaces  probably  is  a  combination  of  these  two 
mechanisms. 

The  FDS  spectra  of  the  C'NT  supported  monometal¬ 
lic  nanoparl ieles  (Pd  and  Rh)  indicate  that  Pd  and  Rh 
nanoparticles  exhibit  distinctive  peaks  which  are  consistent 
with  the  energy  channels  of  palladium  and  rhodium  ele¬ 
ments.  The  method  of  making  monometallic  nanoparticles 
in  liquid  CO,  using  water-in-CO,  microemnlsions  is  also 
suitable  for  making  bimetallic  nanoparticles.  The  composi¬ 
tion  of  different  metals  can  be  controlled  by  simply  varying 
the  starling  concentration  of  the  metal-ion  solution.1’  ily 
using  two  metal  ion  solutions,  e  g..  Na,PdCI4  and  RltCI,. 
to  make  the  mieroenuilsion.  the  average  composition  of  the 
bimetallic  nanoparticles  deposited  on  the  CNTs  would  be 
close  to  the  ratio  of  die  Pd :  Rh  present  in  the  initial  salt 
solution.  For  instance,  when  PdClj4  and  RltI+  solutions 
with  the  initial  concentration  of  0.1  M  and  0  2  M,  respec¬ 
tively,  were  used  m  I  :  I  volume  ratio  for  the  preparation  of 
the  miemcmulsion.  the  linal  Pd :  Rh  ratio  in  the  resulting 
nanoparticles  was  I  1.9-1. 

XRD  spcelr;t  also  confirm  that  (he  nanoparticles  on 
MWC'NTs  m  Figure  la  (Tl-M)  arc  Pd  metal  located  at  20 
values  of -10. 1  IT'  (Fig.  2,  top).  The  CNT-supported  Rh 
inmoparlicles  sire  also  identilied  by  XRD  with  20  values  of 
-I  1 .068“  consistent  with  Rh  metal  (Fig.  2.  middle).  Diffrac¬ 
tion  peaks  of  binary  Pli/RIt  nanoparticles  shift  to  higher  20 
values  with  respect  to  the  characteristic  peaks  of  pure  Pd. 
The  shift  in  20  eonespomls  to  a  decreased  lattice  constant 
for  Pd  due  to  the  incorporation  of  a  Rh  atom.  For  the 
Pd/Kh  bimetallic'  system,  the  1:1  atom  ratio  is  equivalent 
to  50  alom%  of  I’d  and  the  shift  in  20  would  be  propor¬ 
tional  to  the  atomic  percentage  of  Pd  and  Rh  according 


2  ihela  (degree) 

I'ijj.  2.  Xl\l)  speuct  of  IM  (lop).  Kh  (middle),  and  IM/Rh  (hotloml 
nanopailielev  deposited  on  MW(  NTs  iimhj!  die  mieroemulsion  ineiliod 
in  lujiiiif  (  ( ), 
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Binding  Energy  (eV) 

Fig.  3.  XPS  spectrum  of  IM  .>dv;  and  3d.  ,  from  (.'NT-suppoiied  IM 
nanopaiticle  syinhesi/ed  hy  (he  mieroenuilsion  muiliod  (top);  XPS  spec¬ 
trum  of  Kh  and  3d,,  Iroin  ('NT  suppoiied  Kh  nanoparl  ieles  syn¬ 

thesized  by  the  mitroeiimlsion  meihod  (hotiom) 


to  the  Vegard  Law."'1  -1  Our  XRD  data  (F'ig,  2.  bottom) 
appear  consistent  with  the  predicted  20  of  40.591  for  the 
Pd/Rh  mixture  and  support  the  formation  of  Pd  and  Rh 
crystallites.  The  20  diffraction  peak  at  26.4 J  is  a  carbon 
peak  (002)  from  MWC'NTs. 

XPS  spectra  also  indicate  the  monometallic  Pd  and  Rh 
nanoparticles  on  CNTs  are  palladium  (Fig.  3,  lop)  and 
rhodium  (Fig.  3,  bottom)  metals.  The  (  NT-supported  Pd 
and  Rh  nanoparticles  show  Pd  and  Rh  zero-valent  metals 
with  3d5/2  at  335.1  and  307.1  eV.  respectively,  as  shown 
in  Figure  3.  The  binding  energies  of  the  spectral  lines 
335.1  eV  lor  the  Pd  3ds/,  peak  and  34(1.3  eV  for  the  Pd 
3d,,,  peak  are  in  agreement  with  those  reported  in  the  lit¬ 
erature  for  the  zero- valent  Pd  metal  (Pd  3d5/,  for  335.2  eV. 
and  Pd  3d4/,  for  341.1  eV,  respectively).3621’  Again,  the 
binding  energies  of  the  spectral  lines  at  307.1  eV  for  the 
Rh  Idy,  peak  and  31  I.X  eV  for  the  Rh  3d,,,  peak  are  con¬ 
sistent  with  those  reported  zero-valent  stale  of  Rh  element 
(Rh  3dv,  for  307.2  cV.2”  anil  Rh  3d,,.,  for  312.0  eV.’" 
respectively).  The  XPS  spectra  shown  in  Figure  3  are 
also  similar  it)  those  reported  for  the  metallic  Pd  and  Rh 
nanoparticles  deposited  on  the  surfaces  of  CNTs  using  the 
direct  supercritical  CO,  deposition  method.2 

The  catalytic  activities  of  the  CNT-supported  uanopar- 
licles  including  PlI.  Rh.  and  Pd/Rli  were  tested  for 
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hydrogenation  of  naphthalene  under  10  ami  H.  at  room 
temperature  in  hexane  Ten  ml.  ol  //-hexane.  10  my  ol 
a  CNT  caialy.sl  am!  20  mg  of  napluhalcne  were  added 
into  an  Hrlemneycr  Mask  which  was  then  placed  in  a 
high-piessurc  stainless  steel  vessel  with  a  magnetic  stir¬ 
rer.  Hydrogen  gas  (10  atm  pressure!  was  bubbled  through 
the  system  lor  I  hour.  The  results  are  given  in  Table  I. 
Compared  with  (’NT-supported  I’d  nanopart ieles.  (’NT- 
supported  Rh  nanopartieles  show  a  much  higher  activity 
For  catalytic  hydrogenation  of  naphthalene  under  the  same 
experimental  conditions.  The  results  Irom  'll  NMR  analy¬ 
sis  indicated  that  if  using  (  NT-supported  Rh  nanopartieles, 
the  products  of  leirnlin  and  deealin  converted  from  naph¬ 
thalene  were  7.V/  ami  27'/.  respectively,  while  with  Pd- 
CNT.  it  showed  a  low  catalytic  activity  (0.7'/!-  conversion 
of  telralin).  When  using  CNT  supported  bimetallic  Pd/Rh 
(l  .l)  nanopartieles,  only  one  pioduet.  deealin  (located  at 
1 .2—1  .X  ppm  us  shown  in  big.  4)  was  detected  and  naph¬ 
thalene  disappeared  completely  (100'/  conversion). 

When  a  mixture  (1:1)  of  monometallic  Pd/CNT 
and  Rh/CNT  was  used  as  the  catalyst,  conversion  of 
telralin  and  deealin  from  naphthalene  was  V/l-  and  40%, 
respectively,  with  a  total  conversion  of  43*4.  The  eatalylie 
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activity  of  the  bimetallic  IM/kh  multipart  ieles  apparently  is 
much  higher  than  a  mixture  of  two  monometallie  nanopar- 
ticles.  Catalytic  hydrogenation  of  naphthalene  was  also 
studied  using  a  commercial  Pd/carbon  (I’d  10'/  )  and  a 
Rh/carhon  (Rll  5'/)  catalyst.  The  conversion  of  naphtha¬ 
lene  catalyzed  hy  Pd/C  and  Rh/C  was  1'/-.  and  02'/. 
respectively,  under  the  same  experimental  conditions,  as 
shown  in  Table  1. 

The  CNT-suppoi ted  nannpartiele  catalyst  can  be  recy¬ 
cled  alter  hydrogenation  teaelions.  If  a  small  amount  ol 
methanol  was  added  to  the  reaction  Mask  and  stirred  for 
10  min.  the  CNT  catalyst  would  stay  in  the  methanol  phase 
(bottom  phase)  with  hexane  containing  the  products  in  the 
upper  phase.  Alter  drying  the  methanol  solution  in  a  hood, 
the  CNT-supporied  metal  nanoparlicle  catalyst  could  he 
recovered  and  reused  for  the  next  cycle  of  catalysis.  The 
CNT-supporied  Pd/Rh  nanoparlicle  catalyst  was  i eased 
5  limes  without  losing  activity. 

4.  CONCLUSIONS 

This  study  has  demonstrated  that  CNT-supportcd  metal 
lie  nanopartieles  can  he  synthesized  via  a  water- in-CO, 
mierocnudsioit  in  hexane  modified  liquid  ('()_,  at  room 
temperature  This  method  requires  only  common  inorganic 
metal  salts  as  starting  materials.  Hexane  is  used  as  a  co¬ 
solvent  to  dissolve  the  AOT  mieroemulsioii  and  as  a  sol¬ 
vent  to  collect  the  synthesized  CNT  supported  nanoparlicle 
catalysts.  The  amount  of  hexane  used  in  this  method  is 
significantly  less  than  that  required  for  the  waicr-in-licxnne 
microemulsion  method. 

TEM.  EDS.  XRD,  and  XPS  analyses  confirm  the  for¬ 
mation  of  monometallie  (Pd.  Rh)  and  bimetallic  (Pd/Rh) 
nanopartieles  stabilized  on  MWCNTs.  The  Pd/Rh  bimetal- 
lie  nanopartieles  are  more  effective  catalysts  than 
monometallie  nanopartieles  for  hydrogenation  of  aromatic 
compounds  such  as  naphthalene  in  an  organic  solvent.  This 
inorganic  route  of  synthesizing  anil  stabilizing  nanoparti¬ 
eles  on  MWCNTs  via  a  walor-in-CO,  inieriximuision,  in 
principle,  can  be  applied  to  study  many  bimetallic  and/or 
multi-metallic  nanoparlicle  systems  It  may  lead  to  devel¬ 
opment  of  new  catalysts  for  chemical  and  electrochemical 
process  that  may  have  a  wide  range  of  potential  applica¬ 
tions  from  organic  synthesis  to  fuel  cell  applications. 
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Platinum/ruthenium  nanoparticles  were  decorated  on  carbon  nanotubes  (CNT)  in  supercritical  carbon 
dioxide,  and  the  nanocomposites  were  characterized  by  transmission  electron  microscopy  (TEM)  and  X-ray 
diffraction  (XRD).  TEM  images  show  that  the  particles  size  is  in  the  range  of  5-  10  nm,  and  XRD  patterns 
show  a  face-centered  cubic  crystal  structure.  Methanol  electrooxidation  in  1  M  sulfuric  acid  electrolyte 
containing  2  M  methanol  were  studied  onPtRu/CNT  (Pt,  4.1  wt%;  Ru,  2.3  wt%;  molar  ratio  approximately 
Pt/Ru  45:55)  catalysts  using  cyclic  voltammetry,  linear  sweep  voltammetry,  chronoamperometiy,  and 
electrochemical  impedance  spectroscopy.  All  the  electrochemical  results  show  that  PtRu/CNT  catalysts 
exhibit  high  activity  for  methanol  oxidation  which  resulted  from  the  high  surface  area  of  carbon  nanotubes 
and  the  nanostructure  of  platinum/ruthenium  particles.  Compared  with  Pt/CNT,  the  onset  potential  is 
much  lower  and  the  ratio  of  forward  anodic  peak  current  to  reverse  anodic  peak  current  is  much  higher 
for  methanol  oxidation,  which  indicates  the  higher  catalytic  activity  of  PtRu/CNT.  The  presence  of  Ru  with 
Pt  accelerates  the  rate  ofmethunoi  oxidation.  The  results  demonstrated  the  feasibi  lity  of  processing  bimetallic 
catalysts  in  supercritical  carbon  dioxide  for  fuel  cell  applications. 


Introduction 

Direct  methanol  fuel  cells  (DMFC)  are  considered  as 
one  ofthe  most  promisingoptions  to  solve  the  future  energy 
problem  because  of  theirhigh  energy  conversion  efficiency, 
low  pollutant  emission,  low  operating  temperature,  and 
simplicity  of  handling  and  processing  of  liquid  fuel.12 
Electrocatalysts  with  higher  activity  for  methanol  oxida¬ 
tion  at  room  temperature  are  critically  needed  to  enhance 
their  performance  for  commercial  device  applications.  It 
is  well-known  that  platinum  is  the  only  single-component 
catalyst  that  shows  a  significant  activity  for  methanol 
oxidation.  Pure  platinum,  however,  is  readily  poisoned  by 
CO,  the  byproduct  in  methanol  electrooxidation.  Consid¬ 
erable  efforts  have  been  devoted  to  design  and  synthesize 
Pt-based  alloy  catalysts  with  higher  poison  tolerance  and 
greater  methanol  oxidation  activity.  Improved  activity  has 
been  observed  by  alloying  platinum  with  one  or  two  other 
elements  such  as  Ru,3"16  Sn,17-18  Ni,19-20  Os,21-2'*’  Bi,18  Pb,18 
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In,18  Sb,18  Mil,’8  Ru,  and  W23  or  oxides  RuOs,24"27  WO,,28 
CuO  and  NiO,29  Ir02.30  and  so  on.  Numerous  attempts 
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Synthesis  of  PtRu  / Carbon  Nanotube  Nanocomposile 

are  underway  to  improve  its  performance,  but  binary 
PtRu/C  is  still  considered  as  a  CO-tolerant  benchmark 
anode  catalyst  for  use  in  DMFC. 

PtRu  is  a  promising  catalyst  for  methanol  oxidation  in 
DMFC.  It  is  well-known  that  the  preparation  technique 
is  one  of  the  key  factors  to  determine  its  catalytic  activity. 
Numerous  approaches  including  impregnation  and  chemi¬ 
cal  reduction,4’710'31'32  electrodeposition,5,33'34  and  the  sput¬ 
tering  method6  have  been  developed  in  order  to  generate 
clusters  on  the  nanoscale  and  with  greater  uniformity  on 
the  carbon  supports.  The  PtRu  nanoparticles  can  be 
prepared  by  chemical  reduction  with  formic  acid10  or  the 
impregnation  method,4  a  microwave-assisted  polyol  pro¬ 
cess7  using  metal  precursors  IljPtCls  and  RuClj.  Chemical 
methods  are  the  most  widely  used  in  the  synthesis  of  metal 
or  mixed-metal  nanoparticles.  However,  conventional 
preparation  techniques  based  on  wet  impregnation  and 
chemical  reduction  of  the  metal  precursors  are  often  time 
consuming  and  labor  intensive.  In  addition,  these  pro¬ 
cedures  often  do  not  provide  adequate  control  of  particle 
shape  and  size.  The  physical  methods  mainly  proceed  in 
a  vacuum  through  atomization  of  metals  by  thermal 
evaporation  or  sputtering.  There  is  some  difficulty  for 
reactive  components  to  penetrate  into  the  pores  of  supports 
to  achieve  effective  catalysis  and  to  form  h  igh-performance 
electrodes  in  a  fuel  cell.  In  contrast,  more  commonly,  a 
high  surface  support  such  as  Vulcan  72  carbon  is  often 
used  as  a  support  for  catalysts.  It  is  still  necessary  to 
study  the  synthesis  of  nanoscale  particles  with  high 
activity  as  electrocatalytic  materials. 

The  use  of  supercritical  fluids  (SCF)  for  the  synthesis 
and  processing  of  nanomaterials  has  gained  considerable 
interest  in  recent  years.'15"10  SCF  exhibits  an  attractive 
combination  of  the  solvent  properties  of  a  gas  and  a  liquid. 
It  can  dissolve  solutes  such  as  a  liquid  and  yet  possess  low 
viscosity,  high  diffusivity,  arid  zero  surface  extension  like 
a  gas.  Furthermore,  the  solvent  strength  of  SCF  can  be 
varied  by  manipulating  fluid  temperature  and  pressure, 
thus  allowing  a  degree  of  control  and  rapid  separation  of 
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products,  which  is  impossible  using  conventional  solvents. 
It  provides  a  rapid,  direct,  and  clean  approach  to  preparing 
nanomaterials  and  nanocomposites.  These  special  and 
unique  features  make  SCF  an  attractive  medium  for 
delivering  reactant  molecules  to  areas  with  high  aspect 
ratios,  complicated  surfaces,  and  poorly  wettable  sub¬ 
strates.  Supercritical  carbon  dioxide  (scCO?)  allows  reac¬ 
tive  components  to  penetrate  inside  the  porous  materials 
themselves,  partitioning  into  the  inner  regions  of  the 
porous  supports.49  Through  hydrogen  reduction  of  metal- 
/f-di ketone  complexes  in  SCCO2,  multiwalled  carbon  nano¬ 
tubes  can  be  decorated  by  metal  nanoparticles  with 
uniformity  to  achieve  nanocomposites. 45-50  In  previous 
papers,  we  have  demonstrated  high  activity  for  oxygen 
reduction  reactions  of  Pd/CNT51  and  Pt/CNT52  processed 
in  SCF.  Recently,  platinum53  and  ruthenium54  naoparticles 
were  successfully  loaded  011  carbon  aerogel  in  scCO'2.  In 
principle,  a  number  of  metal  precursors  can  be  used  as 
starting  materials  in  SCF  and  metal  alloys  can  be  coated 
on  CNT  to  form  nanocomposites.  Cu-  Pd  alloy  nanopar¬ 
ticles  attached  to  SiC  nanowires  through  hydrogen  reduc¬ 
tion  of  a  mixture  of  Cufhfalj-xHjO  and  PdChfaJswHjO  [hfa 
=  hexafluoroacetylacet.onate]  in  SCCO2  have  been  ob¬ 
tained.50  In  this  paper,  platinum/ruthenium  alloy  nano¬ 
particles  were  decorated  on  carbon  nanotubes  in  SCOO2 
and  the  nanocomposites  were  characterized  by  transmis¬ 
sion  electron  microscopy  (TEM)  and  X-ray  diffraction 
(XRD).  The  PtRu/CNT  powder  was  loaded  on  the  glassy 
carbon  electrode  through  a  casting  process,  and  the 
electrocatalytic  activity  for  methanol  oxidation  was  in¬ 
vestigated  in  1  M  II2SO4  at  room  temperature  using 
electrochemical  methods  such  as  cyclic  voltammetry  (CV), 
linear  sweep  voltammetry  (LSV),  chronoamperometry 
(C A),  and  electrochemical  impedance  spectroscopy  (EIS). 
Its  catalytic  performance  was  compared  with  that  of  Pt/ 
CNT  synthesized  in  SCCO2. 

2.  Experimental  Section 

2.1.  Reagents.  Multiwalled  carbon  nnnotubos  (>95%  purity, 
diameter  20-50  nm,  length  1-5  am)  were  purchased  from 
NanoLab,  Inc.  (Newton,  MA).  Nafion  (perfluorinat.ed  ion- 
exchange  resin,  5  wt%  solution)  was  obtained  from  Aldrich. 
Sulfuric  acid  was  purchased  from  Fisher  Chemicals,  and  ultra- 
pure  water  (—18.3  MQ  cm)  was  used  to  prepare  the  solutions. 
A  platinum  precursor  (Pt(acac)2  [acuc  ~  acetylacetonate])  and  a 
ruthenium  precursor  (RuUicac)*)  were  purchased  from  Aldrich 
and  used  ns  received.  Iligh-purity  hydrogen,  carbon  dioxide,  and 
nitrogen  gas  were  used  in  the  experiments. 

2.2.  Decorating  PtRu  Nanoparticles  on  Carbon  Nano¬ 
tubes.  The  CNT  were  treated  ns  described  in  previous  reports.45 
The  PtRu/CNT  catalyst  was  synthesized  by  using  the  following 
procedures:  The  CNT  (20  mg)  and  the  meta  l  precursors  Pt(acac>2 
(20  mg)  and  Ru(ncac)s  (20  mg)  with  a  small  amount  of  methanol 
(2  mL)  as  a  modifier  were  all  loaded  in  a  high-pressure  reaction 
cell  (10  mL)  located  in  a  oven  at  200  "C.  Pt(acac)2  and  Rufacaci-j 
have  a  low  solubility  in  scCOj.  Addition  of  methanol  modifies  the 
polarity  of'COv  and  enables  dissolution  of  the  Pt  and  Ru  precursors 
in  the  fluid  phase.  Carbon  dioxide  gas  was  introduced  into  the 
reaction  cell  and  was  pressurized  to  80  bar  in  order  to  make  the 
gas  become  a  supercritical  fluid.  Hydrogen  gas  at  10  bar  was 
initially  filled  in  the  H*  +  CO-i  mixer  cell,  and  CO2  gas  of  1 20  bar 
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was  then  added  to  the  cell.  After  1  h  of  waiting  for  the  precursors 
to  completely  dissolve  in  the  scC02,  the  Il2  +  C02  gas  was 
introduced  into  the  reaction  cell  by  pressurizing  it  to  160  bar. 
The  reductions  (Pt2+  to  Pt°  and  Ru" 1  to  Ru°)  were  fast  and  took 
only  15  min.  After  the  reaction  cell  was  depressurized,  PtRu/ 
CNT  powder  could  be  recovered  and  then  was  washed  5  times 
using  methanol  and  ultrasonication  for  30  min  each  time.  The 
phase  behavior  of  the  CO2  and  methanol  mixture  at  160  bar  and 
200  “C  was  observed  in  a  high-pressure  view-cell.  Complete 
dissolution  of  the  metal  precursors  and  methanol  in  SCCO2  (one 
phase)  was  observed.  The  detailed  procedures  ibr  the  preparation 
of  Pt/C NT  were  described  in  our  previous  report.52 

2.3.  Electrode  Preparation  and  Modification.  A  0.5  wt% 
Nation  solution  was  prepared  by  diluting  the  5  wt%  Nafion 
solution  with  water.  Catalyst  powder  was  dispersed  ultrasonically 
in  0. 5%  Nafion  solution  to  obtain  a  homogeneous  black  suspension 
solution  with  1  mg/vnL  PtRu/CNT  or  Pt/CNT,  and  a  5  pL  aliquot 
of  this  solution  was  pipetted  onto  glassy  carbon  (GC,  3  mm  in 
diameter,  BAS,  West  Lafayette,  IN)  electrode  surface.  Before 
the  surface  modification,  the  GC  electrode  was  polished  with  0.3 
and  0.05  pm  alumina  slurries,  washed  with  water  and  acetone, 
and  finally  subjected  to  ultrasonic  agitation  for  1  min  in  ultrapure 
water  and  dried  under  an  air  stream.  The  coating  was  dried  at 
room  temperature  in  the  air  for  1  h.  The  catalyst  should  be 
homogeneously  dispersed,  and  the  same  procedures  for  experi¬ 
ments  should  Ixj  controlled  in  order  to  obtain  reproducible  results. 
The  modified  electrode  surface  was  then  washed  carefully  with 
ultrapure  water  before  measurement. 

2.4  Apparatus.  TEM  images  of  the  decorated  CNT  were  taken 
using  a  JEOL  JEM  2010  microscope  equipped  with  an  Oxford 
ISIS  system.  The  operating  voltage  on  the  microscope  was  200 
keV.  All  images  were  digitally  recorded  with  a  slow-scan  CCD 
camera  (image  size  1024  x  1024  pixels),  and  image  processing 
was  carried  out  using  a  Digital  Micrograph  (Gatan).  To  obtain 
TEM  images,  the  as-synthesized  platinum  -ruthenium-modified 
CNT  powder  was  dispersed  in  ethanol  solution  by  ultrasonicuting 
for  1  min  and  then  deposited  on  a  Cu-cnrbon  grid.  Powder  XRD 
patterns  of  the  samples  were  recorded  on  Siemens  D5000 
diffractometer  using  Cu  Ka  radiation.  The  Pt/Ru  ratios  were 
obtained  by  energy-diffusive  X-ray  (EDS)  analysis. 

CV,  LSV,  and  CA  experiments  were  performed  with  a  CHI 
660  electrochemical  workstation  (OH  Instruments,  Inc,  Austin, 
Texas).  EIS  was  performed  with  a  Solartron  1287  potentiostat, 
a  Solartron  1260  frequency  response  analyzer,  and  the  software 
Z-Plot.  The  amplitude  of  modulation  potential  for  the  EIS 
measurements  was  10  mV',  and  the  frequency  was  varied  from 
100  kHz  to  0.02  Hz  in  a  solution  of  2  M  CH3OH  and  1  M  HaSO*. 
All  electrochemical  experiments  wore  carried  out  with  u  con¬ 
ventional  three-electrode  system.  The  working  electrode  was 
glassy  carbon  coated  with  Pt/CNT  or  PtRu/CNT  composite  films. 
An  Ag/AgCl  (saturated  by  KC1  solution)  reference  electrode  was 
used  for  all  electrochemical  measurements,  and  all  the  poten  tials 
were  reported  versus  this  reference  electrode.  A  platinum  wire 
was  used  as  a  counter  electrode.  To  obtain  reproducible  and 
reliable  results,  a  fresh  methanol  solution  was  used  for  every 
measurement.  All  the  electrochemical  experiments  were  carried 
out  at  room  temperature. 

3.  Results  and  Discussion 

3.1.  TEM  and  XRD  Characterization  of  PtRu/CNT. 

Figure  1A  shows  the  typical  TEM  micrograph  of  PtRu/ 
CNT  electrocatalysts  prepared  in  scC02.  The  nanoparticles 
show  a  good  distribution  on  the  surface  of  CNT,  and  the 
particles  have  an  average  si  ze  of5— 10  nm.  It  is  well  known 
that  energy-diffusive  X-ray  spectrum  (EDS)  analysis  can 
quantify  the  elements  it  detects.  A  quantitative  analysis 
can  be  performed  by  a  standard  or  a  standardless  analysis. 
A  standardless  analysis  quantifies  the  elements  by 
calculating  the  area  under  the  peak  of  each  identified 
element  and,  after  taking  account  for  the  accelerating 
voltage  of  the  beam  to  produce  the  spectrum,  performs 
calculations  to  create  sensitivity  factors  that  will  convert 
the  area  under  the  peak  into  weight  or  atomic  percent. 
The  EDS  (Figure  IB)  indicates  the  Pt  and  Ru  content  in 
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Figure  1.  (A)  Typical  TEM  image  of  CNT  decorated  by 
platinum/ruthenium  nanoparticles  synthesized  in  scC02.  The 
scale  bar  is  50  nm.  (B).  EDS  spectra  of  PtRu/CNT  nanocom¬ 
posite. 


Figure  2.  X-ray  diifractogram  of  PtRu/CNT  electrocatalysts 
synthesized  in  scC02. 

the  nanocomposite  is  4.1%  and  2.3  wt%  and  the  molar 
ratio  is  approximately  Pt/Ru  =  45:55,  respectively. 

The  as-prepared  electrocatalyst  was  also  characterized 
by  powder  XRD,  as  shown  in  Figure  2.  XRD  is  a  bulk 
analysis  that  reveals  the  crystal  structure,  lattice  con¬ 
stants,  and  crystal  orientation  of  the  supported  catalysts. 
According  to  previous  reports,  pure  Pt  has  a  face-centered 
cubic  (fee)  crystal  structure.55  With  the  addition  of  Ru, 
which  has  a  hexagonal  closed-packed  (hep)  crystal  struc¬ 
ture,  the  diffraction  peaks  of  the  PtRu  will  start  to  broaden 
and  shift  to  higher  20  values.7  Our  result,  as  shown  in 
Figure  2,  is  very  consistent  with  those  literature  reports 
for  PtRu.  It  has  been  reported  that  on l}'  the  Pt  fee  peaks 
appeared  in  XRD  spectra  for  PtRu  alloys  containing  up 
to  52  wt%  Ru.55-57  The  broad  peak  at  20  =  25°  is  associated 
with  the  graphite-like  structure  of  the  CNT  support.58-50 
The  peaks  at  28  «  40°  and  47°  maybe  associated  with  the 
(111)  and  (200)  planes,  respectively,  of  the  fee  structure 
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Figure  3.  Cyclic  voltammogram  in  0.5  M  H2S04  solution 
saturated  by  N*  for  Pt/CNT  (a)  and  PtRu/CNT  (h)  electrode  in 
different,  scan  range  at  20  mV/s. 


of  platinum  and  characteristic  of  PtRu  alloys.  The 
broadened  peaks  in  the  XRD  pattern  are  another  char¬ 
acteristic  of  the  nanometer  scale  which  is  consistent  with 
the  results  of  TEM.  All  the  results  validate  the  effective¬ 
ness  of  the  experimental  protocols  in  producing  nanosized 
bimetallic  nanoparticles  on  the  surface  of  the  CNT. 

3.2.  Electrochemical  Performance  of  PtRu/CNT. 
Cyclic  voltammograms  scanning  at  different  ranges  for 
PtRu/CNT  (a)  and  Pt/CNT  (b)  electrodes  in  a  solution  of 
0.5  M  H2SO<  saturated  by  nitrogen  are  presented  in  Figure 
3.  The  potential  sweep  rate  was  20  mV/s.  It  is  reasonable 
that  different  features  appeared  for  these  two  electrodes. 
Comparing  with  Pt/CNT  electrode,  the  well-defined 
hydrogen  adsorption-desorption  peaks  disappeared,  as 
seen  in  short-range  CV  curves  because  of  the  presence  of 
ruthenium  (Figure  3A).  At  the  same  time,  the  reduction 
peak  shifts  negatively  due  to  the  slow  kinetics  of  reduction 
Ru  oxides  which  can  be  observed  during  the  negatively 
going  potential  sweep  (Figure  3B).  This  feature  of  this 
curve  is  consistent  with  those  of  the  CV  curves  for  the 
PtRu  electrode.6-60 

3.3.  Eleetrocatalytic  Activity  for  Methanol  Oxida¬ 
tion  Reaction.  The  eleetrocatalytic  activity  for  methanol 
oxidation  of  PtRu/CNT  prepared  in  scC02  was  character¬ 
ized  by  CV  in  an  electrolyte  of  1 M II2S04  and  2  M  CIi3OII 
at  50mV/s,  and  the  resulting  voltammograms  are  shown 
in  Figure  4.  Figure  4  shows  the  results  of  Pt/CNT  (A)  and 
PtRu/CNT  (B,  C)  electrodes  for  the  electrooxidation  of 
methanol.  Before  recording  cyclic  voltammograms,  the 
electrode  was  soaked  in  the  test  solution  for  10  min  to 
allow  the  system  reaching  a  stable  state.  The  potential 
scan  starts  from  its  open  circuit  potential  positively  to  1.0 

V  then  to  -0.1  V  and  then  it  cycles  between  --0.1  and  1.0 

V  for  PtRu/CNT  electrode.  The  cyclic  voltammograms  of 
PtRu/CNT  are  different  from  those  obtained  on  a  Pt/CNT 
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figure  4.  Cyclic  voltammograms  of  room-temperature  metha¬ 
nol  oxidation  on  Pt/CNT  (A),  cycles  1—3  and  PtRu/CNT  (B,  C), 
electrodes  cycle  1  -4  (B),  and  cycles  5,  10,  15,  20,  25  frum  a  to 
e  (C),  respectively,  at  50  mV/s  in  1  M  HsSO<,  2  M  CHaOH. 


electrode.  The  onset  of  methanol  oxidation  occurs  at  about 
0.05  V  at  the  electrode  of  PtRu/CNT.  The  lower  onset 
potential  indicates  clear  evidence  for  superior  electro- 
catalytic  activity  for  methanol  oxidation.  There  are  large 
changes  in  the  potential  cycles  over  time.  The  early  cycles 
exhibit  a  low  peak  current  and  lower  peak  potential  in  the 
forward  scan,  and  there  is  almost  no  peak  during  the 
reverse  potential  scan.  As  the  number  of  cycles  increases, 
the  potential  for  the  peak  current  in  the  forward  scan 
shifts  to  higher  values  and  the  peak  potential  increases 
greatly.  The  forward  anodic  peak  potential  shifts  more 
positively  from  cycle  to  cycle.  By  the  sixth  cycle,  the  forward 
peak  potential  is  located  at  about  0.57  V  and  a  broadened 
peak  centered  at  0.45  V  appeared  in  the  reverse  scan. 
Then,  anodic  peaks  appeared  in  both  the  forward  and 
backward  scans.  Significant  changes  can  be  observed 
between  the  cycles  6  and  25,  as  shown  in  Figure  4C.  The 
peak  potential  in  the  reverse  scan  moves  to  higher  voltages, 
and  the  peak  current  increases.  This  phenomenon  may 
result  from  the  leaching  of  ruthenium  during  the  cycling 
of  the  electrode  between  oxidizing  and  reducing  potentials. 
At  last,  the  cyclic  voltammogram  of  the  catalyst  was  found 
to  have  become  similar  to  that  of  pure  Pt/CNT,  indicating 
excessive  loss  of  Ru.  Previous  results  have  been  shown 
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Table  1.  Onset  Potential,  Peak  Potential,  and  lt/Ib  Ratios 
of  Different  Catalysts 


catalysts 

onset 

potential 

forward  peak 
potential 

7//b  ratios 

ref 

Pt/CNT 

0.25 

0.69° 

1.42° 

this  work 

PtRu/CNT 

0.05 

0.574 

5.334 

this  work 

Pt/C 

0.31' 

0.69'' 

0.87 

7 

PtssRuiVC 

0.02c 

0.62c 

2.30 

7 

0  Data  were  obtained  on  the  basis  of  the  second  cycle  of  cyclic 
voltammograms  at.  50  mV/s.  Potentials  are  versus  Ag/AgCl.  4  Data 
were  obtained  on  the  basis  of  the  sixth  cycle  of  cyclic  voltammograms 
at  50mV/s.  '  These  potentials  are  versus  a  saturated  calomel 
electrode  (SCE). 

that  similar  performance  was  observed  on  a  commercial 
E-TEK  catalyst  PtRu/C  on  carbon  paper,  as  reported  in 
a  recent  paper.3  The  loss  of  ruthenium  was  confirmed  by 
TEM  and  X-ray  microanalysis  in  the  commercial  catalyst.3 
More-detailed  experiments  are  necessary  to  give  a  suitable 
and  reasonable  explanation. 

Methanol  oxidation  on  PtRu/CNT  and  Pt/CNT  was 
compared  in  the  following  aspects  to  indicate  their  catalytic 
performance:  onset  potential  of  methanol,  anodic  peak 
potential,  and  ratio  of  the  forward  anodic  peak  current  to 
the  reverse  anodic  peak  current.  All  related  data  and  a 
comparison  with  the  data  from  references  are  listed  in 
Table  1. 

The  ratio  of  the  forward  anodic  peak  current  (/,-)  to  the 
reverse  anodic  peak  current  (7b)  can  be  used  to  describe 
the  catalyst  tolerance  to  accumulation  of  carbonaceous 
species.  High  7</7b  value  implies  relatively  complete 
oxidation  of  methanol  to  carbon  dioxide.  As  shown  in  Table 
1,  the  ratio  was  estimated  to  be  1.42  for  the  Pt/CNT 
electrode  from  the  second  cycle  at  50  mV/s.  The  ratio  for 
PtRu/CNT  was  obtained  from  the  sixth  cycle  to  be  5.33 
which  is  much  larger  than  Pt;-,2Ru4fl  prepared  by  other 
method.  Such  a  high  value  indicates  that  most  of  the 
intermediate  carbonaceous  species  were  oxidized  to  carbon 
dioxide  in  the  forward  scan  on  the  PtRu/CNT  electrode. 
These  experimental  results  highlight  the  high  activity  for 
methanol  oxidation  on  PtRu/CNT  prepared  from  scC02. 
The  high  activity  may  result  from  the  high  surface  area 
of  CNT  and  the  nanostructure  of  platinum/rutheniura. 

It  should  be  noted  that  such  a  comparison  is  not  very 
precise  because  the  catalytic  activity  is  related  to  many 
factors  such  as  surface  area,  particle  size,  preparation 
technique,  pretreatment  and  homogeneity  of  alloys,  etc. 
Despite  this,  it  has  been  conclusively  shown  that  the  use 
of  CNT  and  the  catalysts  processed  in  scC02  increase  the 
anode  activity  and  greatly  reduce  the  effect  of  CO  poisoning 
which  can  be  confirmed  from  the  larger  7i//b  ratios.  At  the 
same  time,  the  onset  potential  and  peak  potential  of  PtRu/ 
CNT  occur  at  significantly  lower  values  compared  to  that 
of  pure  Pt/CNT,  indicating  the  high  activity  of  PtRu/CNT. 

Linear  sweep  voltammograms  were  recorded  for  both 
PtRu/CNT  (a)  and  Pt/CNT  (b)  electrodes  in  1  M  II2SO4 
containing  2  M  CII3OH  at  10m V/s,  as  shown  in  Figure  5. 
As  expected  at  the  PtRu/CNT  electrode,  higher  current  is 
observed  compared  to  a  Pt/CNT  electrode. 

Chronoamperometric  curves  were  measured  at  0.4  V 
for  PtRu/CNT  (a)  and  Pt/CNT  (b)  electrodes,  as  shown  in 
Figure  6.  For  this  experiment,  a  potential  step  from  the 
open  circuit  potential  to  0.8  V  was  used.  After  2  s,  the 
potential  was  stepped  to  0.3  V  for  2  s,  then  stepped  to  0.4 
V,  and  the  current— time  curve  was  recorded  for  3600  s. 
As  shown,  the  methanol  oxidation  current  at  PtRu/CNT 
electrode  is  higher  than  that  at  Pt/CNT  electrodes,  though 
both  electrodes  present  current  decay  in  current— time 
measurement. 


Potential /V 

Figure  5.  A  comparison  of  methanol  oxidation  activity  based 
on  linear  sweep  voltammograms  at  PtRu/CNT  (a)  and  Pt/CNT 
(b)  at  10  mV/s. 


Time  /  sec 

Figure  6.  Current-time  curves  at  0.4  V  for  PtRu/CNT  (a)  and 
Pt/CNT  (b)  electrode  in  1  M  H2S04,  2  M  CH3OH. 

All  the  CV,  LSV,  and  CA  experimental  results  above 
show  that  the  PtRu/CNT  electrode  has  a  higher  activity 
for  methanol  oxidation  than  that  at  Pt/CNT  electrodes. 
These  results  are  consistent  with  the  results  of  PtRu 
catalysts  prepared  by  other  methods.  The  higher  activity 
can  be  explained  by  the  bifunctional  mechanism  proposed 
by  Watanabe  and  Motoo.61  It  was  assumed  that  Ru 
promotes  the  oxidation  of  the  strongly  bound  COsrJ  on  Pt 
by  supplying  an  oxygen  source  (Ru-0H3d). 

3,4.  EIS  Studies  for  PtRu/CNT  and  Pt/CNT  Elec¬ 
trodes.  EIS  is  a  powerful  tool  which  can  provide  a  wealth 
of  information  for  electrode  reactions.  It  has  been  applied 
to  the  studies  of  fuel  cell  electrodes  in  recent  ra- 
ports.1'1'30-68-63  Here,  we  employed  EIS  to  further  investigate 
the  activity  of  these  two  electrodes  toward  methanol 
electrooxidation.  Figure  7  presents  the  Nyquist  plots  for 
Pt/CNT  (□)  and  PtRu/CNT  (O)  electrodes  measured  in  2 
M  CHjjOII  +  1  M  II2SO4  solutions  at  0.4  V.  Semicircles 
with  different  diameters  appeared  in  the  tested  frequency 
range  for  both  electrodes.  The  resistance  and  capacitance 
of  the  coating  can  be  obtained  from  the  analysis  of  EIS 
spectra  by  using  the  software  of  Z-view  based  on  an 
equivalent  electric  circuit,  as  shown  iri  Figure  8  as 
suggested  in  the  literature.30,63  In  this  •ffs(7?otCPE)  circuit, 
Ra  represents  the  uncompensated  solution  resistance, 
similar  results  were  obtained  for  these  two  electrodes.  R& 
represents  the  charge-transfer  resistance  while  the  mean¬ 
ing  of  constant  phase  element  (CPE)  is  depending  on  the 
parameter  of  CPE-P.  If  CPE-P  is  near  1,  then  the  CPE 


(61)  Watanabe,  M.;  Motoo,  S.  J.  Electroanal.  Chrjm.  1075,  60,  267. 

(62)  Easton,  E.  B.;  Pickup.  P.  G.  Electrochim.  Acta  2005,  BO,  2469. 

(63)  Pong,  X.:  Koczkur,  K.;  Nigra  S.;  Chen,  A.  Chum.  Commun.  2004, 
2872. 


Synthesis  of  PtRu  /  Carbon  Nanotube  Nanocomposite 


Figure  7.  Complex  plane  plots  of  electrochemical  impedance 
spectroscopy  of  PtRu/CNT  (O)  and  Pt/CNT  (D)  electrodes  at  0.4 
V  in  1  M  H2S04)  2  M  CH3OH. 


Rcl 


CPE 


Figure  8.  Equivalent  circuit  used  to  fit  the  impedance  spectra 
presented  in  Figure  7. 

Table  2.  Impedance  Components  for  Pt/CNT  (□)  and 
PtRu/CNT  (O)  Electrodes  by  Fitting  the  Experimental 
Data  using  Z-view  Software  Based  on  the  Equivalent 
Circuit,  as  shown  in  Figure  8 

RJQ _ CPE-T//iF  CPE-P 

electrode  value  error  %  value  error  %  value  error  % 

Pt/CNT  1.30  x  105  16.08  148.2  lT  066  0  34 

PtRu/CNT  1.02  x  104  3.03  198.1  1.6  0.73  0.46 

can  be  considered  as  a  capacitor.  The  parallel  combination 
of  the  charge-transfer  resistance  and  CPE  take  into 
account  the  thin  film  and  the  methanol  adsorption  and 
oxidation.  The  parallel  combination  t/?ttCPE)  leads  to  a 
depressed  semicircle  in  the  corresponding  Nyquist  im¬ 
pedance  plot.  The  values  for  all  the  parameters  Ra,  CPE- 
T,  CPE-P,  and  their  associated  %  error  determined  by  the 
fitting  of  the  experimental  EIS  data  are  summarized  in 
Table  2.  As  seen  in  Table  2,  the  charge-transfer  resistance 
is  one  order  lower  for  the  electrode  of  PtRu/CNT  than 
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that  of  Pt/CNT,  which  reflects  the  higher  electrocataltic 
activity  for  PtRu/CNT.  The  value  of  CPE-P  is  around  0.7 
for  these  two  electrodes.  There  would  be  deviations  if  it 
is  considered  as  a  capacitor,  which  reflects  the  complication 
of  solid/liquid  interface.16'1’2  More  detailed  study  is  neces¬ 
sary  toillustrate  the  process  of  methanol  electrooxidation 
on  the  electrode  of  PtRu/CNT. 

4.  Conclusions 

In  summary,  we  have  successfully  deposited  platinum/ 
ruthenium  nanoparticles  on  CNT  surfaces  in  scC02.  A 
better  electrocatalytic  performance  ofbimetallic  alloy  PtRu 
on  the  surface  of  CNT  from  scCOs  is  observed  for  the 
methanol  oxidation  which  demonstrated  by  electrochemi¬ 
cal  studies  including  CV,  LSV,  CA,  and  EIS.  The  higher 
/(//b  value  and  lower  onset  potential  for  methanol  oxidation 
show  that  the  PtRu/CNT  exhibit  higher  activity  than  that 
of  the  Pt/CNT,  which  can  be  explained  from  the  bifu ac¬ 
tional  mechanism  described  previously.  The  high  catalytic 
activity  has  been  attributed  to  the  large  surface  area  of 
CNT  and  the  decrease  of  the  overpotential  for  methanol 
oxidation.  The  results  presented  in  this  paper  demonstrate 
that  the  scC02  deposition  method  developed  in  this  work 
is  highly  efficient  in  preparing  bimetallic  electrocatalysts 
based  on  CNT  and  suggested  the  use  of  the  electrocatalysts 
as  promising  candidates  for  the  development  of  better 
fuel  cells. 
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Palladium  nanoparticles  stabilized  and  dispersed  by  water-in¬ 
oil  microemulsions  are  very  active  catalysts  for  hydrogenation  of 
olefins  in  organic  solvents.1  However,  recycling  nanoparticle 
catalysts  stabilized  in  water-in-oil  microemulsions  is  experimentally 
difficult.  Carbon  nnnotubes  (CNTs).  due  to  their  unusual  properties, 
are  promising  carbonaceous  materials  for  supporting  catalytic 
nanoparticles.2  Because  of  their  small  sizes,  C NT-supported  catalytic 
nanoparticles  can  be  uniformly  dispersed  in  organic  solvents  by 
stirring.  Recycling  CNT-supported  catalytic  nanoparticles  can  be 
accomplished  by  gravitational  sedimentation.  Known  methods  for 
depositing  catalytic  nanoparticles  on  CNTs  including  supercritical 
fluid,  solid-state,  or  aqueous  reactions  usually  requite  high  tetu- 
peratures  or  pressures.3  Water-in-oil  microemulsions  have  been  used 
as  templates  for  synthesizing  nanoparticles.  Tngelsten  et  al.  reported 
a  method  of  depositing  Pt  nanoparticles  synthesized  in  a  water-in- 
oil  microemulsioti  on  alumina.4  The  microemulsion  was  destabilized 
by  adding  tetrahydrofuran  to  release  the  metal  nanoparticles  for 
deposition.  The  process  was  slow,  and  agglomeration  of  the  Pt 
nanopariicles  occurred  during  the  deposition.  Hanaoka  ct  al.  also 
used  a  water-in-oil  microemulsion  to  synthesize  Rh  nanoparticles 
by  hydrogen  reduction  and  followed  this  step  by  depositing  them 
on  silica.5  There  is  no  report  in  the  literature  regarding  microemul¬ 
sion  lemplated  deposition  of  metal  nanoparticles  on  CNT  surfaces. 
The  feasibility  of  using  a  water-in-oil  microemulsion  for  synthesiz¬ 
ing  Pd  and  Rh  nanoparticles  followed  by  their  direct  deposition  on 
CNT  surfaces  was  investigated  recently  in  our  laboratory.  This 
simple  approach  turns  out  to  be  very  effective  for  making  CNT- 
supported  catalytic  metal  nanopariicles  that  are  uniformly  anchored 
on  CNT  surfaces  with  a  narrow  size  distribution.  The  synthetic 
process  can  be  carried  out  at  room  temperature  and  requires  only 
water-soluble  metal  salts  as  starting  materials.  Hydrogen  gas  can 
be  used  as  a  reducing  agent  to  convert  Pd31"  and  Rh’4  ions  to  their 
elemental  states  leading  to  nanopariicles  formation  within  the 
microemulsion.1  Deposition  of  metal  nanoparticles  on  CNT  surfaces 
is  achieved  by  stirring  CNTs  in  the  microemulsion  solution.  This 
method  of  making  CNT-supported  nanopariicles,  including  mono¬ 
metallic,  bimetallic,  or  even  multimetallic  ones,  provides  a  simple 
way  of  studying  a  variety  of  nanoscale  metal  catalysts  of  different 
compositions. 

The  functionalized  multiwalled  carbon  nnnotubes  (fMWCNTs) 
were  prepared  by  a  method  known  in  the  literature.6  Formation  of 
metal  nanoparticles  in  a  water-in-hexanc  microemulsion  using 
sodium  bis(2-hexy1ethyl)sulfosuccinate  (AOT)  as  the  surfactant  and 
hydrogen  gas  as  the  reducing  agent  was  described  in  a  previous 
article.1  The  fMWCNTs  were  added  to  the  water-in-hexane 
microemulsion  solution,  and  the  metal  nanoparticles  formed  in  the 
microemulsion  could  be  transferred  to  the  CNT  surfaces  in  30  min 
of  stirring.  Transmission  electron  microscope  (TEM)  images  of  the 
Pd,  Rh,  and  PA'Rh  nanoparticles  deposited  on  the  surfaces  of  the 
iMWCNTs  are  shown  in  panels  a,  b,  and  e  of  Figure  1,  respectively. 

The  Pd  and  Rh  nanoparticles  deposited  on  the  IMWCNTs  have 
size  distributions  in  the  range  of  about  2— 10  nm  and  are  dispersed 
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Figure  1.  TEM  images  of  the  microemulsion-templated  synthesis  of  CNT- 
supported  metal  nanoparticles:  (a)  Pd/CNTs,  (b)  Rh/CNTs,  (c)  Pd/Rh 
bimetallic  nanoparticles  from  the  microemulsion  methods,  and  (d)  Pd/CNTs 
from  an  aqueous  NarPdCb  solution. 


on  the  substrate  surfaces.  Without  the  microemulsion,  direct 
deposition  of  Pd  or  Rh  on  the  iMWCNTs  by  hydrogen  reduction 
of  an  aqueous  NaTdCL  or  RI1CI3  solution,  respectively,  resulted 
in  metal  panicles  about  1  order  of  magnitude  larger  and  clumped 
together  as  shown  in  Figure  1  d.  This  result  was  also  observed  when 
a  palladium(Il)  hcxafluoroacetylacctonatc  [Pd(hfa)i]  was  reduced 
in  hexane  with  hydrogen  in  the  presence  of  the  fMWCNTs.  Tire 
TEM  images  demonstrate  that  the  microemulsions  are  responsible 
for  making  metal  nanoparticles  on  the  surfaces  of  the  fMWCNTs. 
The  nanoparticles  also  could  not  be  induced  by  the  TEM  beam 
because  virtually  no  Rh  nanoparticles  were  observed  after  exposing 
Rh3'  soaked  IMWCNTs  in  our  TEM.7 

In  .X-ray  photoelectron  spectroscopy  (XPS)  analyses  of  tire  CNT- 
supported  metal  nanoparticles,  12.69  wt  %  of  Pd  and  17.33  wt  % 
of  Rh  were  found  in  the  Pd/CNT  and  in  the  Rli/CNT  catalyst, 
respectively.  On  the  basis  of  Hie  amounts  of  the  metal  salts  used  in 
the  preparation  of  the  microemulsion,  we  estimated  that,  about  43% 
of  palladium  from  Na3PdCl.i  and  58%  of  rhodium  from  RhCl.r  were 
deposited  as  metallic  nanoparticles  on  the  surfaces  of  the  fMWCNTs 
in  the  synthetic  process.  Repeated  washing  with  methanol  5  times 
ro  remove  the  AOT  from  the  CNT-supported  metal  nanoparticles 
was  required  to  purify’  the  nanoparticles.  After  the  washing,  no  sulfur 
peak  was  detected  in  the  CNT-supported  nanoparticlc  samples  by 
energy-dispersive  X-ray  spectroscopy  (EDX)  and  XPS.  The  asym¬ 
metric  and  symmetric  stretching  of  the  SCV>  group  of  the  AOT  was 
also  not  detected  in  the  CNT  samples  by  FT-1R.  After  10  repeated 
uses  of  the  catalyst  for  hydrogenation  of  ftww-stilbcnc  as  in  cq  1, 
TEM  images  showed  little  change  in  the  distribution  and  size  of 
the  Pd  nanoparticles  deposited  on  the  CNT  surfaces  and  the  catalyst 
did  not  show  detectable  loss  of  activity.  An  X-ray  diffraction  (XRD) 
pattern  of  the  CNT-supported  Pd  catalyst  (given  in  the  Supporting 
Information)  revealed  the  Pd(lli)  peak  at  261  —  40.20  ±  0.05°, 
and  die  Rh/C'NT  catalyst  showed  the  Rli(  111)  peak  at  267  =  41.15 
±  0.05°,  consistent  with  the  metallic  Pd  and  Rh  data  in  the  literature, 
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Table  1.  Catalytic  Hydrogenation  of  Anthracene  Using 
CNT-Supported  Nanocatalysts 


Catalyst 

oco 

COD 

CCO 

ODO 

Rh/C 

>99  % 

ND 

ND 

ND 

Rh/CNT* 

23.8  % 

4.1  % 

62.4% 

9.7% 

Pd/CNT 

19.1  % 

80.9% 

ND 

ND 

Pd- 

Rli/CNT' 

ND 

7.3% 

ND 

92.7% 

"0.0300  g  of  5  wt  %  Rh.  '’0.0100  g  of  the  CNT-supported  metal 
nanoparticles.  1  6.3  wt  %  Pd  and  6.9  wt  %  Rh.  All  catalysts  were  used 
after  drying  in  the  oven  for  1  h  at  100  °C,  and  stirring  speed  was  optimized 
at  600  rpm.  Anthracene  (0.0178  g,  0.1  mmol)  with  the  nanocatalyst  was 
stirred  for  30  min  under  10  atm  of  Hj  pressure  in  methanol  at  25  °C.  The 
conversion  yield  was  determined  by  NMR  and  HPLC  (Cm  column,  MeOH/ 
HjO  =  4:1).  ND  =  not  detectable. 

To  test  activities  of  the  CNT-supported  Pd  nanoparticles, 
iodobenzene  and  styrene  were  selected  for  the  Heck  coupling 
reaction.  The  coupling  product  was  obtained  with  94%  of  the 
isolated  yield  after  3  h  of  the  reaction  shown  in  eq  1.  A  conventional 
palladium/carbon  catalyst  (10  wt  %  Pd  from  Aldrich)  was  also  used 
for  this  coupling  reaction  under  the  same  conditions,  and  the  Heck 
coupling  product  (Pwtv-stilbene)  with  53%  conversion  yield  was 
detected  after  24  h.  T  he  particle  size  of  the  commercial  Pd  catalyst 
showed  a  very  large  variation,  typically  about  2  orders  of  magnitude 
larger  than  the  CNT-supported  nanoparticles.  It  was  reported  that 
the  pore  size,  acid  - base  properties,  and  impurities  of  the  conven¬ 
tional  carbon  supports  could  influence  the  metal  particle  distribu¬ 
tions.*  The  conversion  of  Pvmv-stilbene  to  1,2-diphenylethane  was 
about  99%  after  10  min  of  reaction  using  1  atm  of  H2  gas  at  25  °C. 
Using  the  commercial  Pd/C,  catalyst,  it  would  require  1  h  to  achieve 
the  same  degree  of  hydrogenation  of  rnz/w-stilbene  under  the  same 
conditions.  The  high  catalytic  activity  of  the  CNT-supported  Pd 
nanoparticles  in  forming  a  new  carbon-carbon  bond  via  the  Hock 
coupling  is  potentially  significant  for  organic  synthesis  applications. 

The  debenzylation  of  the  protected  group  is  conventionally 
carried  out  witli  Pd  as  a  catalyst.  To  test  die  effectiveness  of  the 
Pdi'CNT  catalyst,  we  synthesized  O-aikylated  5,5-dimethyl- 1, 3- 
cyclohexanedionc  derivatives  as  shown  in  eq  2.'’  After  3  h  using 
the  Pd'CNT  catalyst,  the  debenzylation  products  were  obtained  with 
95%  of  yield  (eq  2).  hi  case  of  the  commercial  Pd''C  catalyst,  less 
than  10%  of  the  starting  materials  were  converted  to  the  deben- 
zylated  products  after  9  h  of  reaction  under  the  same  conditions. 
The  CNT-supported  Pd  nanoparticles  are  obviously  much  more 
active  titan  the  commercial  Pd/C  catalyst  for  the  debenzylation 
process. 


starting  material  anthracene  was  detected  by  TI..C,  NMR,  and  HPI.C 
after  1  h  of  reaction  under  the  same  conditions. 

An  interesting  observation  is  that  when  a  mixture  of  Pd2+  and 
Rh"4  ions  was  used  as  the  starting  material  in  the  water  core  of  the 
microemulsion  for  the  synthesis,  the  resulting  Pd/R.h  nanoparticles 
deposited  on  the  fMWCNTs  (Figure  Ic)  are  more  active  than  the 
single  metal  nanoparticles  prepared  in  the  same  way  for  catalytic 
hydrogenation  of  anthracene.  Using  CNT-supported  Pd  or  Rh 
monometallic  nanoparticles,  the  conversion  yield  of  anthracene  to 
1,2,3,4,5,6,7,8-octahydroanthracene  was  less  than  10%.  The  cor¬ 
responding  product  was  obtained  at  92.7%  with  CNT-supported 
Pd/Rh  nanopartides  under  the  same  conditions  (Table  1).  The  CNT- 
supported  Pd/Rh  catalyst  was  found  to  contain  6.3  ±  0.1  wt  %  Pd 
and  6.9  ±  0.4  wt  %  RTi  in  EDX  and  XPS  analyses.  The  XRD  data 
showed  a  single  peak  for  the  Pd/Rh  nanoparticles  deposited  on  the 
fMWCNTs  with  a  20  value  between  that  of  the  Pd  (20  —  40.20”) 
and  Rh  (20  =  41. 15”)  metal  nanoparticles.  XPS  spectra  of  the  Pd' 
Rh  catalyst  revealed  the  presence  of  Pd(3r/y;)  and  Pd(3t/j,j)  peaks 
at  335.4  and  340.7  eV,  respectively,  and  Rh(3rf-„j)  and  Rh(3r/j;>) 
peaks  at  307.2  and  311.9  eV,  respectively. 

According  to  a  recent  report,  bimetallic  nanoparticles  may  have 
a  number  of  different  morphologies  that  would  not  show  changes 
in  XPS  spectra.10  The  enhanced  catalytic  activity  of  the  CNT- 
supported  Pd'Rh  bimetallic  system  could  be  due  to  certain  arrange¬ 
ments  of  the  Pd  and  Rh  nanoclusters  on  the  nanoparticles’  surfaces. 
The  Pd/Rh  nanoparticles  synthesized  by  the  microemulsion  method 
described  in  this  communication  are  probably  bimetallic  in  nature 
with  an  unknown  morphology. 

In  conclusion,  the  fMWCNT-supported  Pd,  Rh,  and  Rh/Pd 
nanoparticle  catalysts  can  be  prepared  easily  with  high  yields  using 
water-in-oil  microemulsions  containing  metal  ions  as  starting 
materials.  Metal  nanoparticles  are  formed  by  hydrogen  reduction 
of  metal  ions  in  the  water  core  with  1  atm  Hj  gas  at  25  “C.  The 
CNT-supported  Rh  nanopartides  are  active  catalysts  for  hydrogena¬ 
tion  of  arenes,  and  the  CNT-supported  bimetallic  Pd/Rh  nanopar- 
licles  show  an  unusually  high  catalytic  activity  for  hydrogenation 
of  anthracene.  This  simple  and  novel  synthetic  technique  for  making 
CNT-supported  monometallic  and  bimetallic,  nanopartides  may 
have  a  wide  range  of  catalytic  applications  for  chemical  syntheses. 
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Pd/CNT.  H,.  THF,  RT 

KjC03.  benzytvomide 
acetone,  RT 

In  another  case,  methyl  benzoate  in  methanol  was  essentially 
all  converted  (>99%)  to  methyl  cyclohexanecarboxylate  after  4  h 
of  reaction  with  the  Rh/'CNT  nanopartides  under  the  conditions 
specified  in  eq  3. 

Rft/CNT,  H] 

MeOH  55°C.  4  h 

A  comparison  of  the  catalytic  activity  between  a  commercial 
Rh/C*  (5  wt  %  of  Rh  from  Strem  Chemicals)  catalyst  and  the  Rh/ 
CNT  nanopartides  was  made  for  hydrogenation  of  anthracene 
(Table  1).  No  conversion  of  anthracene  was  delected  with  the 
commercial  Rh/C  catalyst  after  2  h  of  reaction  at  25  °C  with  10 
atm  of  Hi.  For  the  CNT-supported  Rh  nanoparticles,  none  of  the 
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Recyclable  and  Ligandless  Suzuki  Coupling 
Catalyzed  by  Carbon  Nanotube-Supported 
Palladium  Nanoparticles  Synthesized  in 
Supercritical  Fluid 
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Abstract:  Carbon  nanotube -supported  palladium  nanoparticles  prepared  by  a  super¬ 
critical  fluid  deposition  method  show  high  activities  for  catalyzing  Suzuki  coupling 
reactions,  and  the  catalysts  can  be  recycled  and  reused  at  least  six  times  without 
losing  activity. 

Keywords:  Carbon  nanotube,  palladium  nanoparticles,  supercritical  fluid,  Suzuki 
coupling 


INTRODUCTION 

The  palladium-catalyzed  Suzuki  coupling  reactions  between  arylboronic  acids 
and  aryl  halides  are  widely  used  in  organic  syntheses. [11  Both  homogeneous 
and  heterogeneous  catalysts  have  been  used  for  the  coupling  reactions.  In 
general,  heterogeneous  catalysis  is  less  effective  than  homogeneous 
catalysis  but  has  advantages,  including  easy  separation  of  catalysts  for 
recycling.  The  efficiency  of  heterogeneous  catalysis  can  be  improved  by 
employing  nanoparticle  catalysts  because  of  their  extremely  large  surface- 
to-volume  ratios.  An  early  study  using  palladium  nanoclusters  stabilized  by 
tetraalkylammonium  salts  or  by  poly(vinylpyrrolidone)  (PVP)  as  catalysts 
for  Suzuki  coupling  reactions  was  reported  by  Reetz  and  co  workers. 121 
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Recent  reports  showed  that  the  shape  of  catalytic  metal  nanoparticles  stabil¬ 
ized  by  PVP  could  affect  catalysis,  and  near-spherical  palladium  nanoparticles 
were  very  effective  for  catalyzing  the  Suzuki  coupling  reactions. 131  Because 
metal  nanoparticles  are  generally  unstable,  exploration  of  appropriate 
supports  for  stabilizing  catalytic  nanoparticles  is  a  key  factor  for  their  success¬ 
ful  applications  in  heterogeneous  catalysis.  Carbon  nanotubes  provide  a  new 
type  of  support  for  stabilizing  catalytic  nanoparticles.  Because  of  their  small 
sizes,  carbon  nanotubes  can  be  uniformly  dispersed  in  a  solution  by  mechan¬ 
ical  stirring,  thus  increasing  contacts  between  the  reactants  and  the  catalyst. 
Attaching  metal  nanoparticles  to  carbon  nanotubes  in  aqueous  solutions 
usually  involves  tedious  processes  with  little  control  of  particle  size  and  dis¬ 
tribution.  A  simple  method  of  depositing  metal  nanoparticles  on  surfaces  of 
multiwalled  carbon  nanotubes  (MWCNT)  using  supercritical  fluid  carbon 
dioxide  as  a  medium  was  reported  recently.141  The  method  involves 
chemical  reduction  of  a  metal  precursor  dissolved  in  supercritical  carbon 
dioxide  in  the  presence  of  carbon  nanotubes.  Condensation  and  aggregation 
of  the  reduced  metal  lead  to  formation  of  metal  nanoparticles  on  surfaces  of 
curved  carbon  substrates.  Near-spherical  palladium  nanoparticles  with 
narrow  size  distributions  can  be  formed  on  carbon  nanotube  surfaces.  The 
curvature  of  the  nanotubes  is  probably  responsible  for  the  formation  of 
metal  nanoparticles  of  a  certain  size  range  due  to  the  contact  angles  allowed 
by  the  substrate  surface  during  condensation.141  The  catalytic  activities  of 
carbon  nanotube -supported  metal  nanoparticles  prepared  by  this  method 
for  organic  reactions,  including  coupling  reactions,  have  not  been  investi¬ 
gated.  We  have  recently  studied  a  number  of  Suzuki  coupling  reactions  in 
methanol  catalyzed  by  multiwalled  carbon  nanotube-supported  palladium 
nanoparticles  (Pd/MWCNT)  prepared  by  a  supercritical  fluid  deposition 
method.  Very  efficient  Suzuki  coupling  reactions  were  observed  under 
moderate  temperatures  without  expensive  ligands,  and  the  Pd/MWCNT 
catalyst  could  be  easily  recycled  for  repeated  use  without  losing  activity. 
This  new  type  of  palladium  catalyst  appears  to  offer  opportunities  for  a 
wide  range  of  applications  including  organic  syntheses  and  chemical  manu¬ 
facturing  processes. 


EXPERIMENTAL 

The  Pd/MWCNT  catalyst  was  prepared  according  to  a  procedure  described 
in  a  previous  report.141  The  method  involved  hydrogen  reduction  of 
palladium  (Il)-hexafluoroacetylacetone  in  supercritical  fluid  C02  in  the 
presence  of  MWCNT  at  80r'C  and  150  atm.  After  preparation,  the 
samples  were  washed  and  sonicated  in  methanol  and  then  dried  for  charac¬ 
terization.  Transmission  electron  microscopy  (TEM)  images  showed 
spherical  particles  attached  to  the  surfaces  of  carbon  nanotubes,  and  XPS 
(X-ray  photon  spectroscopy)  showed  that  the  Pd  (3d5/3)  and  Pd  (3d3/2) 
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peaks  at  335.3  eV  and  340.6  eV,  respectively,  were  consistent  with  the  lit¬ 
erature  data  for  zero-valent  metallic  palladium.  Energy  dispersive  X-ray  flu¬ 
orescence  (EDS)  was  used  for  quantitative  analysis  of  the  Pd  metal  loading 
in  our  carbon  nanotube  catalysts,  which  was  about  3%  by  weight.  A  com¬ 
mercial  palladium/carbon  black  (Pd/C)  catalyst  was  obtained  from  Aldrich. 


General  Procedures  for  Suzuki  Coupling  Reactions 

A  100  mL,  three-necked,  round-bottomed  flask  with  a  magnetic  stirring  bar 
was  charged  with  Pd/MWCNT  (10  mg,  3%  Pd  by  weight),  phenylboronic 
acid  (1.1  mmol),  aryl  halide  (1.0  mmol),  sodium  acetate  (2.2  mmol),  and 
methanol  (25  mL).  The  mixture  was  vigorously  stirred  under  reflux  conditions 
in  the  open  air.  The  extent  of  reaction  was  monitored  by  thin-layer  chromato¬ 
graphy  (TLC)  and  300  MHz  nuclear  magnetic  resonance  (NMR)  spectroscopy 
(Bruker  A  MX  300). 

After  the  reaction  completion,  the  Pd/MWCNT  settled  down  to  the 
bottom  of  the  flask.  The  organic  layer  was  carefully  removed.  The  solution 
was  added  with  water  and  extracted  with  dichloromethane.  The  combined 
organic  solution  was  dried  with  anhydrous  MgS04  and  concentrated  in 
vacuo.  The  residue  was  purified  by  flash  chromatography  on  silica  gel  with 
ethyl  acetate -hexane  =  1:10  as  the  eluent  to  give  the  desired  products.  The 
products  were  identified  by  comparison  with  'H  NMR  with  those  of 
authentic  samples.  The  Pd/CNT  was  recovered  almost  quantitatively.  After 
washing  with  methanol,  the  catalyst  was  reused  for  the  next  coupling 
experiment. 


RESULTS  AND  DISCUSSION 

The  results  of  Suzuki  coupling  between  phenylboronic  acid  and  l-iodo-4- 
nitrobene  catalyzed  by  the  Pd/MWCNT  are  shown  in  Table  1.  In  entry  1, 
after  30  min  of  reaction  at  65°C,  the  isolated  yield  showed  at  least  94% 
conversion  to  the  product  (nitro-biphenyl)  with  a  turnover  frequency  (TOP) 
of  709  h  .  In  comparison  with  a  commercially  available  Pd/C  catalyst,  the 
TOF  of  the  commercial  catalyst  for  the  same  reaction  under  tire  same  con¬ 
ditions  was  only  30  h-  ,  about  24  times  slower.  Similarly,  in  the  case  of 
coupling  between  phenylboronic  acid  and  iodobenzene,  it  required  about 
2  h  to  reach  95%  of  conversion.  The  TOF  of  MWCNT-supported  Pd 
catalyst  was  also  higher  than  that  found  with  the  commercial  Pd/C  catalyst 
by  about  a  factor  of  7  (Table  1). 

The  Suzuki  cross-coupling  reactions  between  phenylboronic  acid  and 
iodobenzene  catalyzed  by  PVP-Pd  colloidal  in  40%  EtOH  aqueous  solution 
under  reflux  conditions  (temperature  of  boiling  40%  EtOH  about  80''C) 
were  reported  by  Li  et  al.[5]  The  reaction  required  12  h  to  reach  95% 
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Table  1.  Comparison  of  Pd/MWCNT  with  conventional  Pd/C  for  Suzuki  coupling 

/=\  /=\  Pd/MWCNT  /=\  /=\ 

VJ>~B<OH)?  +  cHjOH^  *■ 

R=  H.  N02 


Entry 

Aryl  halide 

Rxn 
time  (h) 

Product 

Isolated 
yield  % 

TOF/h 

1 

l-Iodo-4- 

nitrobenzene 

0.5" 

r=no2 

93° 

709 

2 

l-Iodo-4- 

nitrobenzene 

3.5h 

r=no2 

94'’ 

30 

3 

lodobenzene 

2a 

R=H 

95" 

177 

4 

Iodobenzene 

4" 

R=H 

95'’ 

27 

“10  nig  Pd/CNT(3%)  as  described  in  the  experimental  section. 

''10  mg  of  conventional  palladium  catalyst  on  activated  carbon  (Pd  content  10%, 
dry  wt.)  was  used  after  dried  in  a  oven  for  2  h  at  100'C. 


conversion,  and  the  Pd  nanoparticles  were  agglomerated  after  one  cycle, 
resulting  in  a  loss  of  catalytic  activity. 

The  speed  of  the  coupling  reaction  depends  on  the  nature  of  the 
substituted  aryl  halide.  Table  2  shows  the  results  of  Suzuki  coupling  of 
phenylboronic  acid  and  aryl  halides  with  different  substitution  groups.  With 
electron-withdrawing  substitution  groups  (— N02,  — COCH3),  the  reaction 
rate  is  faster  than  nonsubstituted  aryl  halide.  On  the  contrary,  for  the 
electron-donating  groups  (— OCH3),  the  reaction  rate  is  slower  than  nonsubsti¬ 
tuted  aryl  halide.  Aryl  bromide  is  slower  than  corresponding  aryl  iodide  for  the 
coupling  reaction  with  phenylboronic  acid,  but  the  reaction  still  proceeds  well 


Table  2.  Pd/MWCNT  catalyzed  Suzuki  coupling  of  phenylboronic  acid  with  aryl 
halides 


Entry 

Aryl  halide 

Rxn 
time  (h) 

Product 

Isolated 
yield  % 

TOF/h 

1 

4-Iodoacetophenone 

0.75 

O"O'C0CM' 

94 

473 

2 

4-Bromoacetophenone 

1.5 

Q-^coch, 

94 

236 

3 

4-Iodoanisole 

3.5 

CK>°ch- 

92 

118 

4 

2-Iodothiophene 

2.5 

Q-& 

94 

142 

5 

l,4Diiodobenzene 

5 

O_Ckh0> 

95 

71 

6 

l-Bromo-4-nitrobenzene 

1 

GK>-< 

92 

355 

7 

Bromobenzene 

3.5 

95 

101 
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Table  3.  Suzuki  coupling  reaction  of  4-iodobenzene  and 
phenylboronic  acid  using  recycled  Pd/MWCNT  as  catalyst 


Pd/CNT 

Conversion  % 

Isolated  yield  % 

Fresh 

>99 

94 

1st  reused 

>99 

96 

2nd  reused 

>99 

95 

3rd  reused 

>99 

94 

4th  reused 

>99 

95 

5th  reused 

>99 

96 

6th  reused 

>99 

96 

with  good  conversion  using  the  Pd/CNT  catalyst.  In  a  previous  report, 
Kabalka  et  al.  used  a  large  amount  of  palladium  black  (50  mg)  as  catalyst 
for  Suzuki  coupling  with  aryl  bromides,  and  the  substrates  were  found  ineffec¬ 
tive.'61  In  entry  4,  coupling  between  2-iodothiophene  and  phenylboronic  acid 
was  also  studied,  and  the  reaction  proceeded  well,  as  shown  in  Table  2. 
However,  coupling  of  1,4-diiodobenzene  with  2  molecules  of  phenylboronic 
acid  to  form  triphenyl  is  the  slowest  reaction  observed  in  this  study, 
requiring  5  h  to  reach  95%  conversion. 

The  activity  of  the  recycled  Pd/MWCNT  was  tested  by  the  reaction  of 
4-iodobenzene  with  phenylboronic  acid.  As  shown  in  Table  3,  the  activity 
of  the  MWCNT-supported  Pd  catalyst  remained  almost  unchanged  even 
after  recycling  six  times.  TEM  micrographs  of  the  recycled  Pd/MWCNT 
catalysts  showed  little  change  of  the  particle  density  on  the  MWCNT 
surfaces,  but  some  larger  particles  up  to  40  nm  were  observed  after  six  uses. 


CONCLUSION 

In  summary,  we  have  shown  that  Pd/MWCNT  made  by  a  supercritical  fluid 
deposition  method  can  efficiently  catalyze  the  Suzuki  coupling  reactions 
without  expensive  ligands  and  can  be  reused  many  times  without  loss  of 
catalytic  activity.  Biaryl  structures  are  present  in  a  variety  of  common 
natural  products,'71  conjugated  polymers,'81  and  liquid  crystalline 
materials'8,91  that  require  Suzuki  coupling  reactions  for  synthesis.  The 
Pd/CNT  catalyst  described  in  this  report  should  have  a  wide  range  of  appli¬ 
cations  in  organic  synthesis  and  design  for  durable  nanoparticle  catalysis. 
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Nitroaromatics  (such  as  dinitrotoluene,  trinitrotoluene,  and  nitrobenzene) 
found  in  explosive  vapors  from  buried  landmines  can  be  reduced  to 
aminoaromatics  by  a  novel  process  involving  Pd  metal  nanocatalysts 
prepared  in  supercritical  fluid  carbon  dioxide  and  supported  on  multi- 
walled  carbon  nanotubes.  These  aminoaromatics  are  fluorescent  and,  if 
desired,  the  fluorescence  yield  can  be  increased  and  the  fluorescence 
maxima  shifted  further  toward  the  red  by  reaction  with  appropriate 
derivatizing  agents  such  as  fluorescamine.  Corrected  spectra  for  these 
chemicals  and  their  derivatives  are  included.  Subpicomolar  detection 
limits  have  already  been  achieved  using  a  laboratory  spectrofluorometer 
with  a  150  VV  Xe  arc  lamp.  Using  lasers  as  excitation  sources,  this  approach 
has  the  potential  for  developing  a  field  sensor  competitive  with  other 
methods  currently  used  for  detecting  explosive  vapors  from  land  mines. 
Index  Headings:  Aminoaromatics;  Explosive  vapors;  Fluorescence;  Nitro¬ 
aromatics;  Palladium  nanoparticles. 


INTRODUCTION 

Thousands  of  forgotten  buried  landmines  exist  all  over  the 
world.  It  is  also  common  knowledge  that  plastic  landmines  and 
improvised  explosive  devices  (IEDs)  are  causing  many 
casualties  in  Iraq.  Most  of  these  mines  contain  TNT  (2,4,6- 
trinitrotoluene).  TNT  is  also  commonly  the  analyte  of  most 
interest  near  munitions  factories  or  storage  areas.  Some  of  the 
techniques  for  detection  assume  metallic  mines  or  require  very 
expensive  instrumentation  or  are  otherwise  unreliable.  The  best 
detection,  especially  for  plastic  mines,  involves  detection  of 
a  mixture  of  vapors  leaking  from  the  mines.  These  are 
impurities  or  degradation  products  such  as  2,4-dinitrotoluene 
(DNT),1  which  are  more  volatile  than  TNT  by  at  least  a  couple 
of  orders  of  magnitude.  Other  dinitrotoluenes  or  other  aromatic 
nitrated  species  such  as  TNT,  nitrotoluene,  or  nitrobenzene 
may  be  present,  but  can  be  handled  similarly  to  the  procedure 
described  in  this  paper.  For  this  application  very  low  levels  of 
vapors,  lower  than  parts-per-trillion  levels,  must  be  measured. 
References  on  the  chemistry  of  explosives  and  related  field 
detection  are  included.2-6  Several  electronic  “noses”  using 
different  techniques  have  also  been  proposed  and  perhaps  the 
most  promising  is  “FIDO”  which  uses  fluorescent  polymers 
developed  by  T.  Swager3  and  incorporated  in  an  electronic 
nose  by  Nomadics  Company  (Stillwater,  OK).  In  this  case  the 
nitroaromatics  such  as  DNT  quench  specially  synthesized 
fluorescent  polymers.  Fluorescence  quenching  may  not  be 
specific  enough  for  some  forensic  applications,  and  also  the 
fluorescent  polymer  may  not  be  reliable  and  reproducible 
enough,  as  well  as  being  expensive  to  produce  in  bulk.  In  any 
case,  after  a  reduction  step,  direct  fluorescence  of  the  aromatic 
amines  or  their  derivatives  provides  an  alternative  approach. 
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providing  greater  specificity,  which  might  have  advantages  for 
certain  applications.  An  environmental  high-performance 
liquid  chromatography  (HPLC)  method  with  fluorescence 
detection  for  aminoaromatics  in  soil  has  been  reported.7  This 
is  a  laboratory  method  and  requires  the  use  of  more  solvent.  To 
the  extent  that  we  are  talking  about  explosive  vapors  rather 
than  soil  or  ground  water  samples,  most  matrix  and  quenching 
effects  are  eliminated.  As  stated  in  Guilbault,8  aromatic  nitro 
compounds  are  not  good  candidates  for  analysis  by  fluores¬ 
cence  spectroscopy  unless  they  are  converted  chemically  into 
fluorescent  compounds  with  amino  groups  by  chemical 
reduction.  Fluorescence  spectra  of  aminoaromatics  have  been 
reported  in  the  literature.8-10  Kasha1112  has  discussed  the 
theory  of  fluorescence  for  chemicals  like  the  aromatic  amines. 

The  current  paper  includes  an  updated,  corrected  set  of 
fluorescence  spectra  using  the  purest  aromatic  amines  available 
including  aniline,  o-  and  p-toluidines,  2,4-  and  2,6-diaminotol- 
uene,  and  2,4,6-triaminotoluene.  For  the  sort  of  mixture  of 
explosive  vapors  in  which  we  are  most  interested,  2,4,-DNT, 
which  can  be  reduced  to  2,4-DAT,  has  been  reported  as  the 
major  specie.1  Fluorescent  fluorescamine  derivatives  of 
aromatic  amines  are  known813  and  we  also  include  several 
examples  for  these  aromatic  amine  derivatives.  Recently, 
a  Siberian  group14-15  proposed  a  scheme  for  reducing  nitro¬ 
aromatics  to  aminoaromatics  as  a  similar  way  of  measuring 
explosive  vapors,  but  they  used  different  reducing  agents, 
included  no  spectra  of  the  aminoaromatics,  and  gave  only  one 
example  of  a  spectrum  of  a  fluorescamine  derivative.  Our 
proposed  technique  uses  catalysis  by  metallic  (Pd)  nano¬ 
particles16-18  synthesized  in  supercritical  fluid  carbon  dioxide 
or  water-in-hexane  microemulsion  and  supported  on  carbon 
nanotubes  to  efficiently  reduce  the  nitroaromatics  to  amino¬ 
aromatics,  which  are  fluorescent  themselves.  UV-VIS  fluores¬ 
cence  is  the  best  and  simplest  ultratrace  technique,  being 
capable  with  laser  excitation  as  an  option  of  even  single 
molecule  detection.  This  fluorescence  technique  can  be  made 
extremely  sensitive  (fluorescence  derivatization  with  reagents 
such  as  fluorescamine  can  make  the  derivatized  amines  even 
more  highly  fluorescent)  and  the  fluorescence  can  be  shifted 
further  to  the  red  where  there  is  less  background  fluorescence. 
In  this  paper  we  discuss  the  fluorescence  spectra  and  chemistry 
required  as  a  framework  for  proving  such  a  field  sensor 
feasible.  Initial  tests  were  made  with  a  spectrofluorometer 
(Spex  FluoroMax-3™)  having  a  150  watt  Xe  arc  lamp  for 
tunability.  A  small  laser  may  be  substituted  for  extra 
sensitivity,  once  the  desired  wavelength  (for  the  fluorescamine 
derivative  of  DAT  at  about  391  nm)  is  determined.  These 
measurements  are  designed  to  show  that  direct  detection  of 
aromatic  amines  or  their  derivatives  can  provide  an  alternative 
approach  for  measuring  explosives  to  fluorescence  quenching 
of  nitroaromatic  components  of  explosives. 
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EXPERIMENTAL 

Instrumentation.  Standard  fluorescence  measurements  of 
the  aminoaromatics  and  their  derivatives  with  fluorescamine 
were  used  to  generate  excitation  and  emission  spectra  using 
a  Spex  (HORIBA  Jobin  Yvon)  analytical  grade  spectrofluo- 
rometer  (FluoroMax-3™)  with  a  150  watt  Xe  arc  lamp.  The 
instrument  was  calibrated  by  measuring  the  spectrum  of  the 
xenon  lamp  for  the  excitation  monochromator  (wavelength 
calibration  and  intensity),  measuring  the  water  Raman  (in¬ 
tensity),  and  a  Stama  standard  of  ovalene  in  polymethylmeth¬ 
acrylate  (PMMA)  for  the  emission  monochromator 
(wavelength  calibration  and  intensity).  Wavelength  accuracy 
was  better  than  1  nm  and  the  water  Raman  was  initially  above 
manufacturer’s  specifications  in  intensity,  indicating  that  the 
xenon  lamp  was  more  intense  than  expected.  Excitation  and 
emission  spectra  were  measured  using  several  excitation  and 
detection  wavelengths  and  several  bandwidths  (typically  5  or 
10  nm),  all  of  which  were  narrow  compared  to  the  broad 
emission  and  excitation  spectra  for  the  aromatic  amines  or  their 
derivatives.  Fluorescence  references  applicable  to  these  types 
of  samples  are  included  for  reference.19-20  For  the  aromatic 
amines,  monochromator  bandwidths  were  5.0  nm,  1  nm 
increments,  and  0. 1  second  integration  time.  For  the  derivatized 
aromatic  amines,  monochromator  bandwidths  of  10  nm,  1  nm 
increments,  and  integration  time  of  0.1  second  were  used  to 
lower  the  detection  limit.  Stama  fused  silica  1  cm  path  length 
cells  were  used  with  right-angle  excitation  for  the  solutions. 
For  a  few  solutions,  absorption  spectra  were  recorded  for 
comparison  with  the  excitation  spectra  using  a  Spectral 
Instruments.  Inc  (Tucson,  AZ)  charge-coupled  device  (CCD) 
array  UV-VIS  spectrophotometer  with  fiber  optics.  ’H  nuclear 
magnetic  resonance  (NMR)  spectra  were  measured  on  a  Bruker 
(AMX300,  CDCh)  spectrometer  at  room  temperature.  Data 
were  recorded  as  chemical  shift  values  in  ppm  on  the  5  scale, 
multiplicity,  integration,  and  coupling  constants. 

Reagents.  The  reagents  were  all  used  as  received  and  were 
the  highest  grade  obtainable.  Only  ethanol  (200  proof  USP  or 
from  Aldrich  for  microbiology)  was  used  as  solvent  for  the 
measurements  reported  here.  Nitric  acid  (singly  distilled  from 
Aldrich)  and  HPLC  grade  water,  also  from  Aldrich,  were  used 
for  cell  cleaning.  Dinitrotoluene  (2,4-DNT)  was  used  from 
Sigma-Aldrich  for  the  reduction  reaction  described  below  to 
produce  diaminotoluene  (2,4-DAT).  2,4-DAT  was  first  ob¬ 
tained  from  Sigma-Aldrich  (98%)  and  later  from  AccuStandard 
Inc  (99.4%),  2,6-diaminotoluene  (2,6-DAT)  (99.7%)  was  also 
obtained  from  AccuStandard.  Triaminotoluene  (2,4,6-TAT) 
and  aniline  (aminobenzene)  as  likely  typical  minor  components 
of  an  explosive  vapor  mixture  after  reduction  were  also 
obtained  from  AccuStandard  Inc.  O-Toluidine  (97%  or  better) 
and  p-toluidine  (97%  or  better),  also  likely  minor  components 
of  an  explosive  vapor  mixture  after  reduction,  were  obtained 
from  Sigma.  A  fluorescence  derivatization  agent  fluorescamine 
(98%)  was  obtained  from  Molecular  Probes,  now  a  division  of 
Invitrogcn  Inc.  Although  fluorescamine  is  supposed  to  be 
completely  non-fluorescent  in  the  absence  of  reactive  amines, 
so  that  a  surplus  would  not  matter,  it  was  found  to  be  weakly 
fluorescent,  presumably  due  to  an  unidentified  impurity. 
Finally,  fluorescein  from  Fluka  (now  affiliated  with  Sigma- 
Aldrich)  was  used  to  check  the  limit  of  detection  of  the 
instrument  in  a  basic  (NaOH)  solution.  For  thin-layer 
chromatography  (TLC)  analysis,  a  Sigma-Aldrich  TLC  plate 


(silica  gel  with  gypsum  binder  and  fluorescent  indicator)  was 
used. 

Synthesis  of  Catalyst.  Catalytic  nanoparticles  of  Pd  were 
prepared  in  house  for  the  reduction  of  nitro  compounds  such  as 
DNT  and  other  aromatic  compounds  as  discussed  in  more 
detail  in  previous  publications.16  ^  The  water-in-hexane 
microemulsions  were  prepared  at  25  °C  by  mixing  0.1  M  of 
NajPdCU  solution  (0.864  mL)  with  200  mL  of  n-hexane  and 
sodium  dioctyl  sulfosuccinate  (AOT,  1.7782  g,  4  mmol),  which 
gave  a  W  value  of  12;18  W  value  is  defined  as  the  water  to  the 
surfactant  molar  ratio  ([water|/[surfactant]).  Multi-walled 
carbon  nanotubes  (MWCNTs)  (1.0  g,  60-100  nm  in  diameter, 
Nanostructure  &  Amorphous  Materials  Inc,  Los  Alamos,  NM) 
were  pretreated  by  sonication  in  14  M  HNOj  for  1  h  and  then 
refluxed  for  12  h  in  a  mixture  of  HNOr  (50  mL,  14  M)  and 
H2S04  (98  %  50  mL).  The  treated  MWCNTs  (0.030  g)  were 
added  to  the  microemulsion  solution  with  continuous  stirring. 
Hydrogen  gas  at  1  atm  was  then  bubbled  through  the  solution 
for  30  min  to  reduce  the  Pd2+  ions  dissolved  in  the  water  core 
of  the  microemulsion.  It  is  known  that  hydrogen  gas  can  cause 
reduction  of  Pd2+  ions  in  aqueous  solutions  to  their  elemental 
state.17  After  hydrogen  reduction,  the  CNT-supported  metal 
nanoparticles  would  precipitate  to  the  bottom  of  the  flask 
without  stirring.  The  CNT-supported  Pd  nanoparticle  catalyst 
was  collected  from  the  flask,  washed  with  methanol,  and  dried 
in  an  oven  for  hydrogenation  experiments. 

Formation  and  Derivatization  of  DAT  starting  with  2,4- 
DNT.  2,4-Dinitrotoluene  (0.0182  g.  0.1  mmol)  in  10  mL  of 
ethanol  (10~2  M)  with  Pd/CNT  (0.010  g)  was  stirred  and  then 
hydrogen  was  bubbled  through  the  solution  for  2  min  at  room 
temperature  to  make  sure  that  DNT  conversion  to  DAT  was 
complete;  TLC  (eluent;  25%  ethyl  acetate  and  75%  n-hexane) 
was  checked  under  UV  light  (254  nm)  and  then  visualized  by 
ninhydrin  agent  (red  color).  No  starting  materials  were  detected 
by  TLC  (DNT,  Rf  value  =  0.45)  and  the  product  was  DAT:  'H 
NMR  (300  MHz,  CDCh):  5  =  6.83  (s,  I H),  8  =  6.11  (d,  2H,7  = 
8.4  Hz),  8  =  3.50  (s,  4H),  5  =  2.08  (s,  3H). 

To  increase  the  fluorescence  yield,  DAT  was  reacted  with 
fluorescamine  reagent:  10~7  M  DAT  and  4  X  10~7  M 
fluorescamine  (diluted  down  by  a  factor  of  10  from  the  ethanol 
solution  of  10~6  M  DAT  and  4  X  10~6  M  fluorescamine  (4  X 
0.00278  mg),  in  10  mL  of  ethanol  and  the  solution  was  shaken 
for  2  min  (longer  than  needed)  at  room  temperature  (RT).  The 
solution  was  diluted  by  a  factor  of  10  after  detection  of 
fluorescence  peaks  and  then  this  dilution  procedure  was 
repeated  to  reach  10-12  M  of  the  solution.  These  DAT 
derivatives  and  other  solutes  being  measured  by  fluorescence 
were  stored  in  amber  glass  vials  and  further  protected  from 
ambient  room  light  by  aluminum  foil  to  reduce  risk  of 
photoreactivity. 

RESULTS  AND  DISCUSSION 

A  summary  of  the  data  for  excitation  and  emission  spectral 
peaks  for  the  aromatic  amines  and  their  fluorescamine 
derivatives  are  given  in  Tables  I  and  II.  Figures  1-8  show 
the  actual  excitation  and  emission  fluorescence  data  for  the 
corrected  and  solvent-subtracted  spectra:  (Fig.  1)  aniline,  (Fig. 
2)  p-toluidine  and  o-toluidine,  (Fig.  3)  2,6-DAT  and  2,4-DAT, 
(Fig.  4)  2,4,6-TAT,  (Fig.  5)  aniline  4-  fluorescamine,  (Fig.  6)  p- 
toluidine  -t-  fluorescamine  and  o-toluidine  +  fluorescamine, 
(Fig.  7)  2,4-DAT  +  fluorescamine  at  concentrations  ranging 
from  HT8  M  to  10  12  M,  and  (Fig.  8)  2,4,6-TAT  + 
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TABLE  I.  Fluorescence  data  for  aromatic  amines. 


Chemical 

Excitation 

(nm) 

Emission 

(nm) 

Comments 

Aniline 

285 

341 

Ex  &  Em  10“6  M, 
bandwidths  5.0  nm 

p-Toluidine 

290 

346 

Ex  &  Em  I0-6  M, 
bandwidths  5.0  nm 

o-Toluidine 

282 

339 

Ex  &  Em  10“6  M, 
bandwidths  5.0  nm 

2,4-DAT  (Diaminotoluene) 

283 

343 

Ex  &  Em  10  6  M, 
bandwidths  5.0  nm 

2,6-DAT  (Diaminotoluene) 

287 

336 

Ex  &  Em  10-’  M, 
bandwidths  5.0  nm 

2,4,6-  TAT  (Triaminotoluene) 

294 

347 

Ex  &  Em  10  4  M, 
bandwidths  5.0  nm 

fluorescamine.  The  aromatic  amines  shown  in  Figs.  1—4  are 
likely  fluorescent  impurities  in  a  mixture  of  explosive  vapors 
after  reduction,  with  2,4-DAT  being  the  major  component.  The 
aniline  fluorescence  spectrum  was  previously  recorded  in  Ref. 
9.  The  fluorescent  derivatives  of  these  compounds  with 
fluorescamine11  were  also  measured  (Figs.  5-8)  and  in  the 
case  of  2,4-DAT  as  a  function  of  several  concentrations.  DAT 
+  fluorescamine  led  to  a  detection  limit  of  10“ 12  M  when 
exciting  at  392  nm  (Fig.  7).  The  measured  spectra,  as  are 
typical  of  aromatic  phenols  and  amines,  are  broad  (full-width  at 
half-maximum  (FWHM)  of  56  nm  for  the  emission  spectra  of 
2,4-DAT  10~6  M)  and  without  vibrational  structure.  They  all 
have  an  excitation  peak  in  the  range  of  280-300  nm  and  an 
emission  peak  between  330  and  350  nm.  Although  these 
spectra  are  similar,  they  can  probably  be  distinguished  by  using 
synchronous  luminescence  and  pattern  recognition  techniques, 
which  we  plan  to  discuss  in  follow-up  publications.  The 
excitation  and  emission  spectra  of  the  fluorescamine  deriva¬ 
tives  are  red-shifted,  broader  (FWFIM  of  86  nm  for  the 
emission  spectrum  of  2,4-DAT  at  10~9  M),  and  more  intense. 
The  emission  intensity  of  a  10~6  M  solution  of  DAT  + 
fluorescamine  derivative  was  found  to  be  several  orders  of 
magnitude  greater  than  a  10~6  M  solution  of  DAT  under  the 
same  experimental  conditions  (same  bandwidths).  The  excita¬ 
tion  peaks  appear  in  a  range  of  380  to  410  nm.  (For  excitation 
purposes  in  a  field  instrument  or  sensor,  it  is  preferable  to 


TABLE  II.  Fluorescence  data  for  derivatized  aromatic  amines. 


Excitation 

Emission 

Chemical 

(nm) 

(nm) 

Comments 

Aniline  4  Fluorescamine 

398 

491 

Ex  &  Em  10  8  M, 

bandwidths  5.0  nm 

p-Toluidine  +  Fluorescamine 

410 

511 

Ex  &  Em  10“6  M, 

bandwidths  5.0  nm 

o-Toluidine  +  Fluorescamine 

383 

480 

Ex  &  Em  I0"ft  M, 

bandwidths  5.0  nm 

2,4-DAT  +  Fluorescamine 

391 

496 

Ex  &  Em  10“8  M 

497 

Ex  &  Em  10  g  M 

483 

Ex  &  Em  10' 10  M 

478 

Ex  &  Em  I0-"  M 

463 

Ex  &  Em  10“  12  M, 

detected  492  nm, 

bandwidths  10  nm 

2,4,6-TAT  +  Fluorescamine 

390 

487 

Ex  &  Em  I0“6  M, 

detected  491  nm, 
bandwidths  10  nm 


excite  as  far  towards  the  blue  as  possible,  where  better  and 
cheaper  sources  exist.)  The  emission  spectra  of  the  fluoresc¬ 
amine  derivatives  show  a  single  peak  in  the  range  of  480  to  510 
nm.  The  instrumental  conditions  are  given  in  each  figure 
caption.  For  some  compounds  it  was  necessary  to  narrow  the 
bandwidths  to  avoid  entering  the  nonlinear  saturation  region 
for  the  photon-counting  photomultiplier  tube  (PMT)  detector, 
which  was  above  2.5  million  counts  per  second  (cps).  All 
spectra  were  analyzed  at  least  in  duplicate;  most  were  measured 
in  triplicate  or  higher.  Spectral  peak  heights  for  2,4-DAT  + 
fluorescamine  were  linear  over  the  concentration  range  of 
10-10  to  10 ~12  M,  but  were  not  linear  above  this  concentration 


Wavelength  (nm) 

Fic.  2.  Excitation  and  emission  spectra  of  (top)  p-toluidine  10  6  M  and 
( bottom )  o-Toluidine  10“6  M.  Bandwidths:  5  nm. 
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Wavelength  (nm) 


Fin.  3,  Kmission  and  excitation  spectra  of  (lop)  2.6-DAT  10“'’  M  and 
(bottom)  2,4  !  ) AT  10  6  M.  Bandwidlhs:  5  nm. 

even  with  solvent  blank  subtraction.  In  addition,  a  slight  blue 
shift  in  the  emission  peak  of  2,4-DAT  after  ethanol  subtraction 
was  observed  as  the  concentration  of  DAT  decreased  probably 
due  to  a  slight  under-correction  of  the  solvent  blank  on  a  very 
weak  signal.  2,4-DAT  was  linear  over  the  concentration  range 
of  1()— ’  to  10"6  M.  Provided  the  data  are  sufficiently 
reproducible,  a  calibration  curve  can  be  constructed  even 
outside  the  linear  range.  For  six  replications  of  2,4-DAT  -F 
fiuorescamine  at  10~6  M,  the  relative  standard  deviation  was 
11%.  Most  of  the  spectra  are  normalized  to  the  highest 
fluorescence  emission  peak  in  the  figure.  Table  I  gives 
fluorescence  spectral  data  for  aromatic  amines  including 


Wavelength  (nm) 

Fig.  4.  Emission  and  excitation  spectra  of  2,4,6-TAT  10  4  M.  Bandwidlhs:  5 
nm. 


Vtovelength  (nm) 

Fig.  5.  Emission  and  excitation  spectra  of  Aniline  +  Fluorescamine  1 0  H  M. 
Bandwidlhs:  10  nm. 


excitation  and  emission  peak  positions,  instrumental  band- 
widths,  and  concentrations  (aniline,  p-toluidine,  o-toluidine, 
2,4-DAT,  2,6-DAT,  and  2,4,6-TAT).  Table  II  gives  fluores¬ 
cence  spectral  data  for  derivatized  aromatic  amines  including 
excitation  and  emission  peak  positions,  instrumental  band- 
widths,  and  concentrations  (fluorescamine  derivatives  of 
aniline,  p-toluidine,  o-toluidine,  2,4-DAT,  2,6-DAT.  and 
2,4,6-TAT). 

Fluorescein  standard  (quantum  yield  approximately  0.9)  in 
a  basic  solution  was  measured  to  give  a  detection  limit  of  10~12 
M.  This  result  was  similar  to  what  Spex  had  claimed  for  this 


Wavelength  (nm) 

Fig.  6.  Emission  and  excitation  spectra  of  (top)  p-Toluidine  +  Fluorescamine 
10  6  M  and  (bottom)  o-Toluidine  f  Fluorescamine  10  ('  M.  Bandwidlhs:  5  nm. 
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Wavelength  (nm) 


Fig.  7.  Emission  and  excitation  spectra  of  2,4-DAT  +  Fluorescamine  at  10  8 
M,  If)-9  M  (multiplied  by  3),  10-10  M  (multiplied  by  4),  I0-M  M  (multiplied 
by  5),  and  10  12  M  (multiplied  by  5)  in  consecutive  order  (solvent  blank 
subtracted).  Bandwidths:  10  nm. 

instrument  for  fluorescein  in  a  recent  application  note.21  A 
FluoroLog-3™  instrument  with  a  cooled  PMT  (which  would 
further  reduce  instrumental  noise  and  scattered  light)  can  detect 
as  low  as  50  femtoMol  of  fluorescein.21 

Recent  experiments  in  our  laboratory,  using  small  stainless 
steel  tubing  with  a  diameter  of  3  mm  and  a  length  of  13  cm 
packed  with  carbon  nanotube -supported  palladium  nanopar¬ 
ticles  for  conversion  of  DNT  to  DAT  in  air  with  saturated  DNT 
vapors  and  hydrogen  gas  (bubbling  through  an  ethanol  solution 
containing  10~6  M  fluorescamine  at  0.7  L  per  min  at  room 
temperature),  showed  that  1  min  of  flow  was  enough  to  detect 
the  fluorescence  emission  of  DAT-fluorescamine  derivative  in 
the  solution. 

CONCLUSION 

The  purpose  of  this  preliminary  paper  was  to  show,  using 
a  commercial  instrument,  the  feasibility  of  developing 
a  fluorescence  method  or  miniaturized  field  sensor  for  detection 
of  explosive  vapors  as  an  alternative  to  fluorescence  quenching 
methods  currently  being  field  tested.  We  have  included 
a  corrected  updated  UV-VIS  fluorescence  spectral  library 
(Figs.  1-4)  for  the  aromatic  amines  in  Table  I,  and  for  their 
fluorescamine  derivatives  (Figs.  5-8),  which  have  lower 
detection  limits  but  broader  spectra,  in  Table  II.  For  2,4- 
diaminotoluene  +  fluorescamine,  we  have  measured  the 
fluorescence  intensity  as  a  function  of  concentration,  with 
a  standard  deviation  of  1 1%  at  10~6  M.  The  detection  limit  was 
found  to  be  10~12  M  under  the  conditions  of  the  experiment. 

We  also  demonstrated  the  reduction  of  2,4-DNT  to  the 
corresponding  DAT  and  its  reaction  with  fluorescamine.  This 
was  made  by  bubbling  the  DNT  vapor  through  the  Pd 
nanocatalysts,  suspended  on  multiwalled  carbon  nanotubes, 
in  the  presence  of  hydrogen  gas,  and  an  ethanol  solution  of 
fluorescamine.  Evidently,  by  using  more  powerful  laser  sources 
and  more  sensitive  detectors  with  lower  noise,  the  detection 


Fig.  8.  Emission  and  excitation  spectra  of  2,4,6-TAT  +  Fluorescamine  10  6 
M.  Bandwidths:  10  nm. 

levels  could  be  lowered  further  than  the  10  12  M  reported  here, 
or  the  aromatic  amines  could  be  measured  directly  without 
need  for  derivatization,  which  would  permit  greater  specificity, 
if  needed.  Reaction  kinetics  could  be  altered  by  changing 
experimental  conditions  to  make  the  speed  of  the  reactions 
more  competitive  with  other  procedures.  The  present  con¬ 
ditions  are  optimized  for  2,4-diaminotoluene  reduced  from  2,4- 
dinitrotoluene  by  a  novel  method.  2,4-DNT  is  likely  to  be  the 
main  component  in  explosive  vapors  leaking  from  a  plastic 
landmine  containing  TNT.1  An  alternative  approach  might  call 
for  deposition  on  a  solid  substrate  (cold  finger)  or  to  measure 
the  DAT  directly  in  the  vapor  phase.  This  method  could  be 
modified  to  apply  to  other  explosive  mixtures  or  be  applied  to 
explosives  extracted  from  soil  with  supercritical  fluid  carbon 
dioxide. 
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Increasing  Selectivity  for  TNT-Based  Explosive  Detection  by 
Synchronous  Luminescence  and  Derivative  Spectroscopy  with 
Quantum  Yields  of  Selected  Aromatic  Amines 
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The  detection  of  explosive  material  is  at  the  forefront  of  current  analytical 
problems.  A  detection  method  is  desired  that  is  not  restricted  to  detecting 
only  explosive  materials,  but  is  also  capable  of  identifying  the  origin  and 
type  of  explosive.  It  is  essential  that  a  detection  method  have  the  selectivity 
to  distinguish  among  compounds  in  a  mixture  of  explosives.  The  nitro 
compounds  found  in  explosives  have  low  fluorescent  yields  or  are 
considered  to  be  non-fluorescent;  however,  after  reduction,  the  amino 
compounds  exhibit  relatively  high  fluorescence.  We  discass  how  to 
increase  selectivity  of  explosive  detection  using  fluorescence;  this  includes 
synchronous  luminescence  and  derivative  spectroscopy  with  appropriate 
smoothing.  By  implementing  synchronous  luminescence  and  derivative 
spectroscopy,  we  were  able  to  resolve  the  reduction  products  of  one  major 
TNT-hased  explosive  compound,  2,4-diaminotoluene,  and  the  reduction 
products  of  other  minor  TNT-based  explosives  in  a  mixture.  We  also 
report  for  the  first  time  the  quantum  yields  of  these  important 
compounds.  Relative  quantum  yields  are  useful  in  establishing  relative 
fluorescence  intensities  anti  are  an  important  spectroscopic  measurement 
of  molecules.  Our  approach  allows  for  rapid,  sensitive,  and  selective 
detection  with  the  discrimination  necessary  to  distinguish  among  various 
explosives. 

Index  Headings:  Aromatic  amines;  Nitro  aromatics;  Explosive  vapors; 
Fluorescence;  .Synchronous  luminescence;  Derivative  spectroscopy; 
Quantum  yields. 


INTRODUCTION 

Plastic  landmines  and  improvised  explosive  devices  (lEDs) 
are  known  problems  that  cause  civilian  casualties  in  different 
regions  of  the  world.  Over  1.2  million  forgotten  landmines  in 
the  world  are  responsible  for  thousands  of  deaths  and  injuries 
to  people  each  year.1  The  best  way  to  identify  these  explosives 
is  to  detect  the  explosive  vapors  leaking  from  the  plastic  mines. 
Most  of  the  landmines  and  explosive  devices  contain  2,4,6- 
TNT  (2,4,6-trinitrotoluene)-based  explosives.  Explosive  vapors 
from  the  TNT  mixture  often  include  trinitrotoluenes,  dinitro- 
toluenes,  mononitrotoluenes,  trinitrobenzenes,  dinitrobenzenes, 
and  nitrobenzene.1  The  relative  concentrations  and  vapor 
pressures  of  these  components  under  various  environmental 
conditions  (e.g.,  above  buried  landmines)  are  given  in  the 
literature.1’  It  is  reported  that,  of  these  possible  compounds, 
2.4,6-TNT,  2.4-dinitrotoluene  (2,4-DNT),  and  1,3-dinitroben- 
zene  (1,3-DNB)  are  the  major  chemical  components.1  TNT  is 
known  to  have  a  vapor  pressure  that  is  lower  than  that  of  2,4- 
DNT,2  while  1,3-DNB  is  not  only  detected  less  frequently  than 
2,4-DNT  but  is  also  less  stable.1  For  these  reasons,  2,4-DNT  is 
the  compound  that  is  most  often  used  for  the  detection  and 
confirmation  of  explosive  vapors. 

To  date,  there  is  not  a  detection  method  for  explosive  vapors 
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that  completely  meets  all  the  current  requirements  of  being 
rapid,  sensitive,  selective,  and  field  portable.  Several  methods 
for  detecting  explosive  vapors  include,  but  are  not  limited  to, 
gas  chromatography-mass  spectroscopy  (GC-MS),  ion  mobil¬ 
ity  spectroscopy  (IMS),  dogs,  and  most  recently  the  electronic 
nose.-*  Although  all  of  the  current  methods  offer  advantages, 
each  has  its  own  disadvantages.  GC-MS  suffers  from  lack  of 
speed  and  is  not  field  portable;  IMS  suffers  from  masking 
effects  and  is  subject  to  frequent  false  alarms;  and  dogs  have 
the  disadvantages  of  fatigue  and  limited  workload.  Currently, 
the  most  promising  method  for  the  detection  of  explosives 
involves  using  an  electronic  nose,  such  as  “FIDO”.4  This 
electronic  nose  uses  a  fluorescent  polymer  to  detect  nitro 
aromatics  through  fluorescence  quenching.  Although  this 
method  of  explosive  detection  is  sensitive  and  field  portable, 
it  is  expensive  to  produce  in  bulk  and  does  not  allow  for  the 
specificity  that  may  be  required  for  explosive  signatures  and 
forensic  analysis.  The  disadvantages  of  the  current  methods 
make  it  clear  that  there  is  a  need  for  a  new  approach  to  detect 
explosives  that  is  rapid,  sensitive,  and  selective,  while  still 
having  the  capability  of  being  field  portable.  The  inherently 
highly  sensitive  nature  of  fluorescence  makes  it  ideal  for 
detecting  explosive  vapors. 

The  molecular  electronic  transitions  for  the  nitro  aromatic 
compounds,  which  are  found  in  explosive  vapors,  have  low  to 
no  fluorescence  yields.  This  is  due  to  high  intersystem  crossing 
rates  fS, *  — *■  Tn‘  ),5  which  yield  non-fluorescent  (radiationless) 
decay.  The  -NCT  substituent  on  aromatic  rings  is  an  electron- 
withdrawing  group,  therefore  causing  a  charge  transfer 
transition  from  the  ring  to  the  nitro  group.5  The  lone  pair  of 
electrons  on  the  -NOi  gives  an  n  — »  n*  transition,  which,  from 
selection  rules,  forbids  radiative  decay.  If.  however,  the  nitro 
aromatics  are  converted  to  aromatic  amines,  upon  reduction, 
the  molecular  electronic  transitions  allow  for  relatively  intense 
fluorescence  of  the  aromatic  amines.5  The  main  reason  for  the 
increase  in  the  fluorescence  of  aromatic  amines  is  due  to  a 
n  —>  7t*  transition.  This  transition  occurs  because  the  -NIT 
substituent  is  a  strong  electron-donating  group,  therefore 
providing  electrons  to  the  ring  and  subsequently  allowing  for 
radiative  decay.  It  can  be  considered  that  the  -NCF  substituent 
involves  an  n->  n*  transition  and  that  the  --NIT  substituent 
involves  a  n  — *  k*  transition.  The  theory,  along  with  a  full 
description  of  the  fluorescence  of  aromatic  amines,  is  given  in 
detail  by  Kasha  and  Rawls.6  Previous  research  done  by  our 
group7  shows  that  the  reduction  of  nitro  aromatics  to  aromatic 
amines  can  be  accomplished  in  one  minute  by  using  catalytic 
metallic  (Pd)  nanoparticles,  synthesized  in  supercritical  fluid 
carbon  dioxide  and  subsequently  supported  on  carbon 
nanotubes. s  In  this  previous  research,  we  provided  preliminary 
data7  indicating  that  2,4-DNT  vapor  can  be  collected  and 
rapidly  reduced  to  2.4-DAT,  thereby  allowing  for  fluorescence 
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analysis.  Therefore,  after  this  method  of  rapid  reduction, 
fluorescence  studies  of  the  explosive  vapors  trapped  in  ethanol 
solution  or  potentially  front  surface  on  suitable  substrates  can 
occur.  Our  present  approach  uses  a  preliminary'  design  for  a 
prototype  of  a  miniaturized  sensor,  perhaps  with  lasers  or  LEDs 
(.light  emitting  diodes)  to  increase  sensitivity. 

When  conventional  lluorescence  is  used  to  analyze  mixtures, 
the  primary  disadvantage  is  selectivity.  This  is  due  to  the  often 
broad  and  featureless  characteristics  of  the  excitation  and 
emission  spectra.  The  need  for  a  highly  sensitive  and  selective 
method  of  detecting  explosives  led  us  to  explore  synchronous 
luminescence  (SL)  for  detection  and  identification  of  various 
explosive  compounds  (after  reduction)  simultaneously.  Ad¬ 
vantages  of  SL  include  decreases  in  the  full-width  at  half- 
maximum  (FWHM)  of  spectral  bands,  spectral  band  simplifi¬ 
cation.  and  a  reduction  in  spectral  overlap.9  The  advantages 
that  SL  has  over  other  detection  methods  directed  us  to  study 
how  this  fluorescent  technique  could  potentially  be  used  for  the 
simultaneous  identification  of  individual  explosive  vapors  in  a 
mixture.  Lluorescence  identification  of  mixtures  implementing 
the  use  of  SL  has  been  especially  useful  for  petroleum  oil  spills 
as  described  by  Eastwood.111  By  applying  the  same  principle, 
but  with  aromatic  amines,  this  would  allow  for  rapid,  sensitive, 
and  selective  detection  of  explosive  vapors  with  the  discrim¬ 
ination  necessary  for  the  identification  of  individual  compo¬ 
nents  in  a  mixture.  A  full  description  of  the  theory, 
applications,  and  advantages  of  SL  and  use  of  forensic 
identification  are  given  in  the  references.910 

Derivative  spectroscopy  is  a  technique  that  is  commonly 
used  when  it  is  desired  to  reveal  spectral  detail  that  is  not 
apparent  in  the  original  spectrum.9'12  It  is  often  used  when 
analyzing  mixtures,  because  it  increases  resolution,  increases 
spectral  discrimination,  and  can  be  used  to  improve  fingerprint 
techniques  to  determine  minor  structural  differences  between 
similar  spectra.912  Applying  derivative  spectroscopy  to  a 
spectrum  has  several  effects  on  the  signal.  First,  spectral  bands 
with  narrower  FWHM  values  resull  in  more  intense  derivative 
spectra;12  therefore,  derivative  spectroscopy  discriminates 
against  wide  peaks.  Secondly,  derivative  spectroscopy  de¬ 
creases  the  signal-to-noise  (S/N)  ratio.  To  overcome  (his 
disadvantage,  a  smoothing  function  must  be  applied.  Smooth¬ 
ing  the  spectrum  is  advantageous  because  it  decreases  noise 
and  allows  for  more  accurate  peak  position,  peak  height,  and 
peak  width.12  The  larger  the  smoothing  function,  the  greater 
the  decrease  in  noise;  however,  this  results  in  a  greater  chance 
of  spectral  distortion  due  to  over-smoothing.  It  is  therefore  a 
balance  between  desired  noise  reduction  and  concern  about 
spectral  distortion. 

Quantum  yields  (QYs)  have  been  considered  to  be  one  of  the 
most  important  spectroscopic  measurements  for  molecules." 
They  provide  information  on  radiationless  decay,  electronic 
transitions,  purity,  and  chemical  structures.14-15  Quantum 
yields  are  a  measure  of  the  ratio  of  photons  emitted  to  photons 
absorbed,  with  values  ranging  from  0.000  to  1.00.  A  value  of 
less  than  unity  indicates  that  some  radiationless  decay  has 
occurred:  ibis  includes  internal  conversion,  vibrational  relax¬ 
ation.  and  intersvstem  crossing.16  Several  methods  of  calcu¬ 
lating  absolute  and  relative  QYs  are  available;  however,  the 
calculation  of  absolute  QYs  has  been  proven  to  he  difficult.16 
As  a  result,  most  spectroscopists  choose  the  relative  QY 
approach.  Calculation  of  relative  QYs  can  be  troublesome  if 
certain  experimental  factors  are  not  considered:  including 


concentration,  linear  range,  solvent,  and  excitation  wavelength. 
High  sample  concentrations  can  cause  nonlinearity,  inner-filter 
effects,  and  self-absorption,  resulting  in  inaccurate  absorbance 
unit  and  emission  intensity  values."  If  different  solvents  are 
used,  the  refractive  indices  need  to  be  considered.  It  is  good 
practice  to  cross-reference  known  standards  with  one  another 
to  validate  standard  QY  values.16  Incorrect  QYs  are  far  too 
easy  to  obtain:  therefore,  it  is  important  when  calculating 
unknown  QYs  that  the  chosen  standard  value  is  well 
established.16  In  our  study  we  are  using  the  QY  values  to 
estimate  relative  fluorescence  intensities.  QYs  offer  valuable 
molecular  information  for  the  selected  aromatic  amines  that  is 
not  currently  available  in  the  literature;  therefore,  we  included 
them  in  this  paper. 

INSTRUMENTATION 

As  already  discussed  in  previous  research.7  experiments 
were  carried  out  using  a  Spex  (HOR1BA  Jobin  Yvon) 
analytical  grade  spectrofluorometer  (FIuoroMax-3™)  with  a 
150  watt  xenon  arc  lamp.  The  instrument  was  calibrated  by 
measuring  the  spectrum  of  the  xenon  lamp  for  the  excitation 
monochromator  (wavelength  calibration  and  intensity)  and 
measuring  the  water  Raman  peak  for  the  emission  monochro¬ 
mator  (wavelength  calibration  and  intensity).  The  reagents 
w'ere  all  used  as  received  and  were  the  highest  grade 
obtainable.  The  standard  chemicals  2.4-DAT  (99.4%)  and 
2.6-DAT  (99.7%)  were  obtained  from  AccuStandard  Inc,  and 
/Moluidine  and  o-toluidine  (97%  or  belter)  w'ere  obtained  from 
Sigma.  The  solvent  used  was  200  proof  USP  ethanol.  Nitric 
acid  (singly  distilled  from  Aldrich)  and  HPLC  grade  water,  also 
from  Aldrich,  were  used  for  cell  cleaning.  Fluorescein  from 
Fluka  was  used  to  check  the  limit  of  detection  of  the  instrument 
in  a  basic  (NaOH)  solution.  To  obtain  SL  spectra,  you 
simultaneously  scan  the  excitation  and  emission  monochroma¬ 
tors  while  keeping  a  constant  wavelength  interval  (offset) 
between  the  two.5  Synchronous  spectra  were  measured  at  an 
offset  of  9.0  nm  with  bandwidths  of  3.0  nm.  All  SL  spectra  are 
set  to  the  excitation  monochromator.  To  optimize  resolution, 
all  spectra  reported  here  have  an  integration  time  of  1.0  s. 
Slama  fused  silica  cells  with  I  cm  path  length  were  used  with 
right  angle  excitation  for  the  solutions.  All  spectra  were 
ethanol-blank  subtracted.  A  Hewlett-Packard  (8909 A  whth 
Peltier  temperature  control  accessory)  ultraviolet-visible  (UV- 
Vis)  absorption  instrument  was  used  to  obtain  the  absorption 
data  needed  for  quantum  yield  measurements.  A  solid  reference 
standard,  holmium  oxide  filter,  was  used  to  determine 
absorbance  and  wavelength  accuracy.  The  holmium  oxide 
standard  has  various  peak  wavelengths  between  279  nm  and 
637  nm.  The  wavelength  accuracy  is  ±0.2  nm,  with  an 
absorbance  accuracy  of  ±0.01  absorbance  units.  The  standard 
was  purchased  from  Avian  Technologies  LLC. 

RESULTS  AND  DISCUSSION 

Synchronous  luminescence  (SL)  of  three  possible  com¬ 
pounds  in  an  explosive  mixture,  after  reduction  from  nitro 
aromatics  to  aromatic  amines,117  allowed  for  the  discrimina¬ 
tion  necessary  to  distinguish  among  one  major  TNT-based 
compound  and  two  minor  TNT-based  compounds  in  a  mixture. 
This  three-component  artificial  mixture  consisted  of  2,4-DAT. 
2.6-DAT.  and  p-toluidine.  We  chose  2,4-DAT  as  the  major 
reduction  product  due  to  its  higher  concentration  and  its  higher 
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Fig.  1.  (Top)  Normalized  emission  spectra  of  (a)  2,6-DAT.  (b\  2,4-DAT.  and 
(c)  p-toluidine.  (Bottom)  Normalized  (a)  excitation,  (b)  synchronous,  and  ( c ) 
emission  spectra  of  p-toluidine.  All  arc  ethanol  blank  subtracted  at  a 
concentration  of  1.0  X  10  4  M,  3.0  nm  bandwidths. 

stability  compared  to  1,3-DNB  and  its  higher  vapor  pressure 
compared  to  TNT.  Although  2,6-DNT  is  not  considered  a 
major  explosive  vapor,  this  minor  component  was  chosen 
because  it  is  frequently  detected.1  p-Nitrotoluene  is  a  TNT- 
based  compound  that  is  also  found  in  explosive  materials;  this 
compound  has  a  higher  vapor  pressure  than  2,4-DNT  (0.03  torr 
compared  to  that  of  2,4-DNT,  2.3  X  10~4  torr).  It  is  for  this 
reason  we  chose  p-toluidine  (the  reduction  product  of  p- 
nitrotoluene)  as  the  second  minor  component  in  the  artificial 
mixture.  Our  group  recently  studied  the  excitation  and 
emission  spectra  of  these  and  several  other  compounds.7  Due 
to  the  broad  FWHM  of  these  compounds,  when  overlaying  the 
emission  spectra  of  the  three  compounds,  it  is  evident  that  the 
emission  spectra  would  not  yield  adequate  separation  (Fig.  I, 
top).  SL  is  a  fluorescence  technique  that  is  known  to  simplify 
spectral  bands  and  decrease  the  FWHM;  therefore,  we  used  SL 
to  identify  the  aromatic  amines.  Figure  1  (bottom)  shows  the 
excitation,  emission,  and  SL  of  p-toluidine.  This  figure  shows 
how  SL  reduces  the  FWHM  of  the  spectral  bands.  Maximum 
SL  peak  intensity  occurs  when  an  offset  (A3.)  matches  that  of 
the  Stoke’s  shift  (53.,  S3.  =  2^.m  -  3.ex  );9  for  these  compounds 
that  would  be  around  60.0  nm.  Although  the  SL  spectra  using 
this  offset  did  decrease  the  FWHM  from  59.0  nm  to  33.0  nm 
(compared  to  emission  at  the  same  concentration),  this  offset 
did  not  decrease  the  FWHM  enough  to  be  able  to  distinguish 
among  compounds  in  a  mixture.  We  tried  several  offsets  until 
the  desired  separation  of  2,4-DAT,  2,6-DAT,  and  p-toluidine 
was  achieved.  Figure  2  shows  how  decreasing  the  offset  from 
60.0  nm  to  9.0  nm  decreases  the  FWHM  from  33.0  nm  to  14.0 
nm.  Table  I  lists  the  FWHM  values  and  peak  wavelength 
location  for  excitation,  emission,  and  SL  for  each  compound 
studied.  SL  resulted  in  a  decrease  in  FWHM  of  approximately 
35.0  nm  for  each  compound  (compared  to  emission).  To  reduce 
the  effects  of  scatter  interference,  bandwidths  should  not 
exceed  half  of  the  offset.9  For  these  compounds  a  bandwidth  of 
3.0  nm  resulted  in  optimum  selectivity.  Figure  3  shows  the 
overlaid  individual  SL  spectra  of  2,4-DAT,  2,6-DAT,  and  p- 
loluidine  at  10  4  M.  After  it  was  confirmed  that  the  individual 
SL  spectra  indicate  appropriate  separation,  we  analyzed  a 
three-component  artificial  mixture.  Figure  4  (left)  is  the  SL  of 
the  artificial  mixture  containing  2,6-DAT  at  4  X  10 M.  2,4- 
DAT  at  2  X  10  M.  and  p-toluidine  at  1.0  X  10  5  M.  This 
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Fig.  2.  Normalized  SL  spectra  indicating  decrease  in  FWHM  with  offset  of 
(a)  60.0  nm  to  ( b )  9.0  nm  for  2,4-DAT  at  4  X  10  5  M,  bandwidth  of  3.0  nm. 

artificial  mixture  yields  two  peaks,  one  at  300  nm  and  the  other 
at  314  nm.  The  peak  at  300  nm  correlates  to  the  peak  location 
of  2,6-DAT.  but  the  peak  at  314  nm  does  not  correlate  to  either 

2.4- DAT  (310  nm)  or  p-toluidine  (317  nm).  Initially,  this 
spectrum  reveals  only  two  peaks;  however,  after  applying  the 
second  derivative,  three  peaks  are  revealed.  The  three  peaks  are 
located  at  299  nm,  31 1  nm,  and  316  nm,  as  seen  in  Fig.  4 
(right).  These  peak  wavelengths  are  consistent  with  2,6-DAT, 

2.4- DAT,  and  p-toluidine,  respectively. 

Derivative  spectroscopy  can  be  used  to  further  increase 
selectivity  of  detection  for  multi-component  mixtures  like 
explosives.  By  comparing  the  SL  spectra  to  the  second- 
derivative  spectra  (Fig.  4,  left,  and  Fig.  4,  right),  it  is  evident 
that  derivative  spectroscopy  is  essential  in  increasing  the 
resolution  to  the  level  necessary  to  distinguish  among 
overlapping  spectral  bands.  In  derivative  spectroscopy,  broader 
peaks  become  less  intense  and  narrow  peaks  become  more 
intense.12  This  is  evident  when  comparing  the  spectrum  of  2,6- 
DAT  in  the  left-hand  panel  of  Fig.  4  to  that  in  the  right-hand 
panel  of  Fig.  4.  The  peak  at  300  nm  in  the  left-hand  panel  is 
less  intense  than  the  other  peak;  in  the  right-hand  panel,  the 
peak  at  300  nm  becomes  the  most  intense  peak.  Of  the  three 
compounds,  this  effect  is  most  evident  for  2,6-DAT  because  it 
has  the  smallest  FWHM  (refer  to  Table  I).  A  consequence  of 
applying  a  derivative  to  a  spectrum  is  a  decrease  in  the  S/N 
ratio.912  It  is  important  that  a  smoothing  function  is  applied 
either  prior  to,  or  after,  each  derivative  function.  A  5-point 
Savitzky-Golay  smoothing  gave  us  the  greatest  resolution 
without  sacrificing  shifts  in  peak  wavelength  locations  due  to 
over-smoothing.  The  derivatives  applied  to  the  spectra  w'ere 
obtained  using  the  FluorEssence™  software  (January  2005), 
created  by  Spex*  Fluorescence,  and  powered  by  Origin1’.  This 
software  program  obtains  the  derivative  spectra  by  averaging 


TABLE  I.  Compound,  peak  wavelength  location,  and  FWHM. 


Compound 

Ex  peak 
FWHM  (nm) 

Em  peak 
FWHM  (nm) 

SL  peak 
FWHM  (nm) 

2,6-DAT 

2X7 

335 

300 

27 

51 

10 

o-toluidine 

282 

340 

305 

32 

49 

16 

2,4-DAT 

290 

350 

311 

39 

50 

14 

p-toluidine 

285 

349 

317 

42 

50 

15 

70  Volume  61,  Number  1,  2007 


Wavelength  (nm) 


!-if ..  3.  Normalized  ov  erlaid  synchronous  spectra  of  ( a )  2,6-diaminoioluenc. 
(b)  2.4-dianiinotoluene.  and  (c)  p-toluidine.  SL  is  set  to  wavelength  of  the 
excitation  monochromator,  all  are  ethanol  blank  subtracted  at  1.0  X  10  4  M, 
offset  of  9  0  nm.  bandwidth  of  3.0  nm. 

ihe  slopes  of  two  adjacent  data  points.  Equation  I  details  how 
the  operation  is  carried  out  by  the  software  program:  x 
represents  the  x-axis,  y  represents  y-axis,  and  i  represents  the 
initial  location: 


The  success  of  the  three-component  mixture  prompted  us  to 
analyze  a  four-component  artificial  mixture.  This  included  the 
three  compounds  in  the  first  artificial  mixture,  but  with  the 
addition  of  o-toluidine  ( 1.0  X  10  5  M).  o-Nitrotoluene  is  also  a 
'['NT-based  compound  found  in  explosive  materials. 11 '  Like  p- 
nilroioluene,  o-nitrotoluene  has  a  higher  vapor  pressure  (0.1 1 
tore)  than  2.4-DNT;  therefore,  the  detection  of  this  compound 
is  also  important.  Figure  5  (left)  is  the  SL  spectra  of  the  four- 
eomponenl  mixture,  with  a  single  peak  located  at  310  nm. 
Again,  SL  in  conjunction  with  the  second  derivative  was 
necessary  to  reveal  all  peaks  in  the  mixture.  The  right-hand 
panel  of  Pig.  5  shows  how  remarkably  well  derivative 
spectroscopy  can  reveal  hidden  bands  due  to  spectral  overlap. 
After  the  application  of  the  second  derivative,  four  peaks 
corresponding  to  the  four  compounds  in  the  mixture  are 


revealed,  and  at  the  expected  wavelengths.  Table  11  gives  a 
summary  of  the  experimental  results,  including  individual  SL 
peak  locations  at  various  concentrations  and  second-derivative 
(of  SL)  peak  locations  for  mixture  I  and  mixture  2.  This  table 
shows  that  concentration,  artificial  mixtures,  and  derivative 
spectroscopy  did  not  affect  the  peak  wavelength  location  by 
more  than  one  nanometer.  As  indicated  by  Table  II  and  Fig.  5, 
with  these  parameters,  each  of  the  four  compounds  have  peak 
wavelength  maxima  that  are  separated  by  only  5.0  nm,  and  yet 
with  the  use  of  SL  and  derivative  spectroscopy,  we  have  the 
resolution  necessary  to  distinguish  among  the  four  compounds 
in  an  artificial  mixture.  For  the  SL  studies  (A>.  =  9.0  nm),  it  was 
determined  that  the  detection  limits  for  2,4-DAT,  2.6-DAT.  />- 
toluidine.  and  o-toluidine  were  2.6  X  10  6  Vt,  2.3  X  10  6  M, 
6.7  X  I0-7  M,  and  1.7  X  If)-7  M,  respectively.  The  data 
presented  within  this  research  paper  were  obtained  in  ethanol 
solutions:  however,  from  preliminary  data  acquired  from 
previous  research.7  we  anticipate  that  the  same  results  will  be 
obtained  in  a  gas-phase  sample.  By  using  a  more  sensitive 
detector,  and  a  more  intense  excitation  source,  a  decrease  in  the 
detection  limit  can  potentially  be  achieved.16  In  the  artificial 
mixtures,  p-toluidine  and  o-toluidine  were  chosen  to  have 
lower  concentrations  than  the  other  two  compounds  due  to  Ihe 
high  likelihood  that  they  would  be  found  in  less  abundance. 
2.6-DAT  would  most  likely  be  found  at  a  lower  concentration 
than  2.4-DAT;  however,  for  clarity  we  chose  a  higher 
concentration  of  2,6-DAT  to  2,4-DAT.  Typical  real-world 
sample  concentrations  for  these  compounds  have  large 
variations  depending  on  the  type  of  landmine.1  Additionally, 
environmental  factors  such  as  moisture  and  temperature  cause 
variation  in  detection  concentrations.  Taking  one  example  (lab 
sample  #  N99-79)  from  the  literature,  2.4-DNT  had  a 
concentration  of  6013  (pg/kg)  and  2,6-DNT  had  a  concentra¬ 
tion  of  3480  (pg/kg).1  />-Nitrotoluene  and  o-nitrotoluene  were 
not  detected  in  this  sample  since  they  were  below  the  detection 
limit  of  the  GC-ECD  instrument  used.  All  of  our  experiments 
were  reproduced  at  least  in  triplicate.  We  analyzed  other 
mixtures  with  varying  concentrations;  all  gave  similar  results  to 
the  above  data.  In  one  case,  using  the  fourth  derivative  gave 
clearer  results,  but  usually  this  was  not  necessary.  It  has  been 
determined  that,  at  the  same  concentration,  the  SL  maximum 
intensity  (/„, „*).  for  the  four  compounds  tire  o-toluidine,  >  /;- 
toluidine  >2.4-DAT  >2.6-DAT. 
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Fui.  4.  (left  i  SL  of  a  three -component  artificial  mixture.  («)  300  nm.  and  {b)  314  nm.  (Right)  The  second  derivative  ofthe  SL  spectra  on  the  loft .  Three  peaks  at  (a) 
299  nm,  (b)  31 1  nm.  and  (c)  316  nm  correspond  to  2.6-DAT.  2,4-DAT.  and  p-toluidine.  respectively. 
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Fig.  5.  f T .eft I  SL  of  a  four-component  artificial  mixture,  single  peak  is  located  at  310  nm.  (Right)  Second  derivative  of  SL  on  the  left.  Four  peaks  at  (a)  300  nm,  (b) 
305  nm,  (r)  31 1  nm,  and  (it)  316  nm  corresponding  to  2.6-DAT,  o-toluidine,  2,4-DAT,  and  p-toluidine,  respectively. 


Quantum  yields  (QYs)  provide  specific  information  about  a 
compound;  therefore  the  added  molecular  information  makes 
determining  the  QY  values  of  the  selected  aromatic  amines 
important.14  QY  is  defined  as  the  ratio  of  the  number  of 
photons  emitted  to  the  number  of  photons  absorbed.5  There  are 
several  ways  to  calculate  quantum  yields;1518  we  have  chosen 
the  most  widely  used  method  of  using  relative  quantum 
yields.19  Equation  2  indicates  how  we  calculated  the  relative 
QYs.19 

(gKs)(Dx)^s)(/s)(4) 

L  X  “  (Ds)(Ax)(/x)(»i)  U 

QY  is  the  quantum  yield,  S  is  the  standard,  and  X  is  the 
unknown.  A  is  the  absorbance  value  at  the  excitation 
wavelength,  D  is  the  integrated  area  under  the  curve  in  photon 
units,  /  is  the  intensity  of  the  lamp  at  the  excitation  wavelength, 
and  n  is  the  index  of  refraction  of  the  solution.  It  is  important 
when  calculating  QYs  that  saturation,  quenching,  and  self¬ 
absorption  do  not  become  a  problem.  Therefore,  it  is 
recommended  that  only  dilute  solutions  are  used  and  that 
absorption  values  remain  under  0.05  absorbance  units.1316-20 
For  all  of  our  measurements  the  absorbance  was  measured  on  a 
Hewlett-Packard  instrument  with  absorbance  units  less  than 
0.05.  For  both  absorbance  and  tluorescence  measurements,  we 
ensured  that  solute  concentrations  were  in  the  linear  range  and 
that  saturation  of  the  detector  did  not  occur.  The  D  term 
(integrated  area  under  the  curve)  is  obtained  by  acquiring  the 
tluorescence  emission  spectra  of  the  sample,  making  sure  that 
the  value  is  in  photon  units.  The  /  term  (intensity  of  the  lamp)  is 


obtained  by  acquiring  the  tluorescence  excitation  spectra  of  the 
excitation  source;  for  our  research  this  was  a  150  watt  xenon 
lamp.  The  /  value  is  simply  the  intensity  of  the  lamp,  at  the 
wavelength  used  to  excite  the  sample.  For  our  calculations  we 
could  neglect  the  refractive  index  temi  since  all  samples  were 
dissolved  in  the  same  solvent.  To  ensure  accurate  results  of  the 
relative  QYs,  we  cross-referenced  two  known  reference 
standards,  sulforhodamine  101  (in  ethanol)  and  anthracene 
(in  ethanol).  Literature  QY  values  and  our  measured  QY  values 
for  these  standards  are  given  in  Table  III.  By  comparison,  our 
measured  quantum  yields  are  similar  to  the  literature  QY  values 
and  fall  within  the  expected  error  range;  an  error16  20  of  5%  to 
10%  is  considered  reasonable.  Calculated  quantum  yields  for 
2,4-DAT,  2,6-DAT,  p-toluidine,  and  o-toluidine  are  also  given 
in  Table  III.  QY  values  were  measured  at  least  in  triplicate, 
with  the  average  value  and  standard  deviation  given  in  the 
table.  By  solely  taking  into  account  the  /max's  of  these 
compounds,  the  QY  results  for  the  four  aromatic  amines  are  as 
predicted,  o-toluidine  >  p-toluidine  >  2,4-DAT  >  2.6-DAT. 

CONCLUSION 

In  summary,  we  show  that  by  implementing  synchronous 
luminescence  (SL)  and  derivative  spectroscopy,  we  have  the 
resolution  to  distinguish  among  four  likely  reduction  products 
present  in  a  TNT-based  explosive  mixture.  SL  has  advantages 
over  other  identification  techniques  in  that,  in  addition  to  being 
rapid  and  sensitive,  SL  is  selective.  This  is  demonstrated  by  our 
research  on  artificial  mixtures  of  the  reduction  products  2,4- 
DAT,  2,6-DAT,  p-toluidine,  and  o-toluidine.  Derivative 
spectroscopy  further  increased  selectivity  by  revealing  spectral 


TABLE  II.  Compound,  SL  peak  wavelength  location  at  corresponding  concentration,  and  second-derivative  peak  (SL)  of  mixtures. 


Compound 

SL  peak  of  individual 
compound  (nm) 

|C|  (inot/L) 

2nd  derivative  peaks 
of  SL  for  mixture  1  (nm) 

2nd  derivative  peaks 
of  SL  for  mixture  2  (nm) 

2,6-DAT 

300,  299 

1.0  x  to  4,  1.0  X  10  5 

300,  300 

4  X  10  \  4  X  10  " 

299 

300 

o-toluidine 

305,  306 

1.0  X  10  J,  1.0  x  io- 5 

305 

1.0  X  to-  6 

NA 

305 

2,4-DAT 

311,310 

1.0  X  10  4,  1.0  X  10  5 

311,  31  1 

2  X  10  2  X  10  “ 

31! 

311 

/?- to  1  uidine 

317,  317 

1.0  x  IO-*,  1.0  x  IO"' 

316 

1.0  X  10  * 

316 

316 
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TABLE  in.  Quantum  yield  values  for  selected  aromatic  amines. 


Compound 

Solvent 

Standard 

?k**o  nut 

Spectral 
range  (mu) 

Average 
quantum  yield 

Sul.  (lev. 

Sulforhodamine  101 

Ethanol 

A„M 

565 

570-750 

0.685 

r  0.090 

Anthracene 

Ethanol 

vS.h 

356 

370-540 

0.295 

1 0.030 

2 .6 -DAT 

Ethanol 

A, 

290 

310-450 

0.01  1 

'.0.002 

o-ioluidine 

Ethanol 

A, 

290 

310-450 

0.174 

2:0.013 

2 .4- DAT 

Ethanol 

K 

295 

310-450 

0.035 

JL  0.008 

/Ntoluidine 

Ethanol 

A, 

290 

31X1-450 

0.004 

-0.009 

•'  As  Anthracene  used  as  reference  standard  (0.300). 

f’  Ss  Sulfoiiiodamine  101  used  as  reference  standard  (LOO).20-23 


peaks  not  readily  apparent  due  to  spectral  overlap.  Although 
SL  has  boen  used  with  wide  applications  for  oils,"' 
polyaromatic  hydrocarbons  (PAHs).1'  and  phenols/1  we  report 
the  tirsl  successful  results  using  SL  for  the  identification  of 
aromatic  amines.  Hyfantis  et  al.  used  a  tield-portable 
synchronous  scanning  luminoscope  (SSL)  to  detect  PAHs 
and  pesticides.2-’  Although  they  did  attempt  to  use  this 
instrument  to  delect  TNT,  it  was  used  as  a  colorimeter  with 
zero  offset,  so  that  they  did  not  use  the  power  of  SL.  This  leads 
us  to  believe  that  a  tield-portable  SL  instrument  could  be 
customized  for  the  identification  of  explosive  vapors.  QYs  give 
valuable  information  about  a  compound,  including  purity, 
structure,  and  relative  lluorescence  intensities.  With  careful 
analytical  technique,  we  have  obtained  the  relative  QYs  of  the 
selected  aromatic  amines.  Our  proposed  method  is  directed  at 
detecting  explosive  vapors.  Since  we  are  not  analyzing  soil  or 
water  samples,  the  matrix  effects  are  negligible.  Further  studies 
implementing  SL.  for  analyzing  other  TNT-based  explosive 
vapors  are  also  of  interest  to  us.  These  would  include  the 
reduction  products  related  to  aminobenzenes  and  the  isomers  of 
diaminohenzene  that  are  also  found  in  many  landmines.  We  are 
also  interested  in  other  types  of  explosives;  with  appropriate 
modilications,  our  general  approach  could  possibly  Ire  applied 
to  these  explosives.  Future  work  will  also  include  more 
research  on  the  rapid  reduction  and  collection  of  various 
explosive  vapors. 
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